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Recent advances in our understanding of mesenteric anatomy clarify its 
shape distal to the duodenojejunal flexure. Investigation of mesenteric anatomy has 
raised several questions about its overall shape. These include the shape of the 
mesentery proximal to the duodenum, its anatomical relationship with fascia at this 
level, the distribution of the peritoneal reflection, and how the overall structure of the 
mesentery arises from its embryological forerunner. This thesis aimed to characterise 




An appraisal of mesenteric development was performed. As part of this 
appraisal, three-dimensional models and dynamic models of the mesentery at 
consecutive stages of development were generated. Next, a dissection was performed 
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using cadavers to comprehensively investigate mesenteric shape in adulthood. This 
dissection applied a mesenteric-based approach that is commonly used in oncologic 
surgery rather than a peritoneal-based one. A comprehensive appraisal of the cross-
sectional appearance of mesenteric anatomy and reconstruction of its in situ 
anatomical shape was performed. To overcome the innate challenges in 
communicating the mesenteric model of abdominal anatomy, digital sculpting 
techniques and three-dimensional printing were used to generate virtual and physical 
models of the mesentery. 
 
Results 
The mesentery (in its ex vivo and in situ state) is continuous from 
oesophagogastric junction to mesorectal level. In most cases, abdominal digestive 
organs are connected to the mesentery, rather than the abdominal wall. Moreover, the 
peritoneal landscape is explained by the mesenteric landscape. The human mesentery 
remains a continuous structure throughout development and does not become 
fragmented. The mesentery develops according to a set developmental program 
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during which a foundation shape is acquired (primary mesenteric organogenesis) and 
undergoes subsequent alterations at a sub-regional level (secondary mesenteric 
organogenesis).  Hence, the abdomen is organised along mesenteric lines, into two 
principal compartments: the mesenteric and non-mesenteric domain. This system of 
organisation is referred to as the mesenteric model of abdominal anatomy. Digital 
sculpting and three-dimensional printing were used to communicate results relating 
to mesenteric anatomy and development. 
 
Conclusions 
The findings reported in this thesis identify a new level of organisation of 
abdominal contents that may reconcile embryological, anatomical and surgical 
approaches to the abdomen. The classic model of mesenteric anatomy, which is 
complex and fragmented, may be replaced with a mesenteric-based model in which 
digestive organs are organised around a single mesentery that attaches to the posterior 
abdominal wall. Limitations were present in each arm of this study. For example, the 
anatomical study required excision of the mesentery and so its shape was altered. The 
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embryological study required interpolation between stages. Lastly, some structures 
were challenging to identify during cross-sections analysis. However, collectively, 
findings from embryological, foetal, anatomical and cross-sectional analysis of the 
mesentery provide an opportunity to propose a definition for the mesentery: the organ 
that, in the embryo, supports development of all abdominal digestive organs, and 
following birth, maintains all abdominal digestive organs in position and in 
continuity with other systems. This system, which may be more broadly applied to 
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Mesentery – a fold of peritoneum that attaches viscera to the posterior 
abdominal wall (Stevens, 2006). 
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Recent appraisals of mesenteric anatomy clarify mesenteric structure distal 
to the duodenojejunal flexure (Coffey and Dockery, 2016a). The mesentery is a 
continuous, substantive and helical-shaped organ (Coffey and O’Leary, 2016a). This 
is a departure from conventional teaching, which described multiple, separate 
“mesenteries” (Halford, 1859). Remarkably, renaissance anatomists depicted the 
mesentery as a continuous structure as well (Asellius, 1627). In effect, scientific and 
clinical communities have come full circle and back to the Renaissance model. 
Recent advances highlight opportunities for research in the field of mesenteric 
anatomy and embryology.  
This chapter is divided into four sections. The first describes historical 
developments in the field of mesenteric anatomy. The next describes recent advances 
in the field of mesenteric anatomy and microanatomy. The following section reviews 
the current understanding of peritoneum and fascia. The final section evaluates 
current theories of development and how these relate to recent advances in the field 
of mesenteric anatomy.  
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Section 1: Historical developments in the field of mesenteric anatomy 
According to the classic model, multiple, separate “mesenteries” are 
present, and the right and descending colon do not have a mesentery (Senghas, 1990; 
Stevens, 2006; Nathan and Scobell, 2012). Mesenteric continuity has significant 
implications.  It is important to explain how an erroneous model of the mesentery 
gained acceptance. The following section summarises the historical development of 
our understanding of mesenteric anatomy.  
 
Early descriptions of mesenteric anatomy 
One of the earliest confirmed references to the mesentery was by Aristotle, 
who wrote: 
“The mesenterium is membranous, broad, and fat . . . also, the mesenterium 
is united, and in the middle, it is attached to the aorta.” 
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Aristotle’s reference to the mesentery was limited. The later description by 
Galen was similarly limited (Temkin and Straus, 1946; Aristotle. et al., 2011). 
However, when referring to the mesentery, Galen indicated he considered it as one 
structure. 
In the 13th century, Mondinus de Luzzi referred to a mesenterium, 
suggesting it was continuous (Mavrodi and Paraskevas, 2014). In 1483, Leonardo da 
Vinci depicted the mesentery in a remarkable image regarded by many as an 
erroneous interpretation of mesenteric anatomy (Ackerman et al., 1983). Da Vinci 
depicted the mesentery as continuous and converging centrally (Figure 1.1).  To 
generate the Da Vinci image, the artist would first have to resect the intestine flush 
with the mesentery, remove the intestine, then draw the remaining mesentery.  Da 
Vinci wrote a single and short note on the mesentery referring to it as a “lardaceous” 











Figure 1. 1 Renaissance illustrations of mesenteric anatomy.  
(a) Depiction of abdominal mesentery by Leonardo da Vinci, 1483. (b) Illustration 
showing lateral view of continuous mesentery by van Calcar and Vesalius in De 
Humani Corporis Fabrica, 1543. (c) Illustration showing anterior view of continuous 
mesentery by van Calcar and Vesalius in De Humani Corporis Fabrica, 1543.  (d) 
van Calcar illustration demonstrating abdominal cavity after removal of mesentery 
and all abdominal digestive organs. 
 
Shortly after, in 1543, Andreas Vesalius and Jan Steven van Calcar visually 
depicted a continuous mesentery in De Humani Corporis Fabrica (Figure 1.1) 
(Vesalius, 1543). Vesalius refers briefly to the mesentery at different points in the 
text but does not describe it in detail. Although not formally addressed, the reader 
can appreciate mesenteric continuity between different regions of the mesentery in 
illustrations. Giulio Casserio generated a similar model of mesenteric anatomy in 
1627 (Figure 1.2) (Bucretius, 2004). After Vesalius, Bartolomeo Eustachi depicted 
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the mesentery distal to the duodenojejunal flexure as continuous with a spiral 
conformation in 1552 (Fahrer, 2003). Eustachi overlay structures that likely represent 
lymph nodes in his version of the mesentery (Figure 1.2).  He linked the mesenterium 
with the lymphatic system, which Eustachi mostly referred to as “lacteals” (i.e. lymph 
nodes).  Galen and Erisatratus previously suggested this link (Temkin and Straus, 
1946).  Both Vesalius and Eustachi included a structure at the centre of the mesentery. 
It is possible this structure corresponds with the pancreas. The anatomical association 
between pancreas and mesentery became a recurring theme up to and including 
Claude Bernard’s publication, Mémoire sur le pancreas, in which he describes the 





Figure 1. 2 Renaissance illustrations showing mesenteric continuity. 
(a, b) Depictions of the mesentery distal to the duodenojejunal flexure by Eustachi, 
1552. Nodular structures (termed “lacteals”, or lymph nodes, by Eustachi) can be 
seen within mesenteric tissue. (c) Illustration of root region by Casseri in De humani 
corporis fabrica libri decem, 1627. 
 
(Error! Reference source not found.) (Bernard, 1856).   
 
Figure 
1. 1. Renaissance illustrations showing mesenteric continuity. 




Figure 1. 3 Illustrations of mesentery in contiguity with abdominal digestive organs. 
(a) Illustration by Gaspard Aselli of canine mesentery in De lactibus sive lacteis 
venis, 1640. (b) Illustration by Edward Tyson in Orang-Outang, sive Homo 
Sylvestris, 1699. (c) Colour illustration of mesentery and pancreas by Claude 
Bernard’s (Mémoire sur le pancreas), 1856. 
 
Gastere Aselli was the first to use colour in depicting human anatomy 
(Asellius, 1627). Remarkably, Aselli depicted the entire canine digestive system, 
with organs positioned around the mesentery (Figure 1.3).  This image suggests that 
Figure 1. 1 Illustrations of mesentery in contiguity with abdominal digestive organs. 
a b c 
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the mesentery is continuous, linking all abdominal digestive organs. In keeping with 
this, the anatomist Edward Tyson (1650-1708) commissioned engravings by William 
Cowper, for his book Ourang-Outang, sive Homo Silvestre’s (or, The Anatomies of 
Pygmies compared with that of a Monkey, Ape and a Man) (Tyson, 1751). Cowper’s 
engravings demonstrate all abdominal digestive organs, positioned around and linked 
by a single mesentery (Figure 1.3).   
 
Post-Renaissance descriptions of mesenteric anatomy 
Although the concept of a single mesenterium persisted during the 18th 
century, authors placed less emphasis on the possibility it linked abdominal digestive 
system organs.  The following is Lorenz Heister’s (1683-1758) description in 
Compendium of Anatomy (first published in 1721): 
“. . . Its (the mesentery) division, according to the anatomical writers, who 
call that part of it, which joins the colon, the mesocolon . . . the uses of the mesentery 
are, to suspend, connect together and maintain in their due place, the intestines.”  
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 Although Heister provided one of the first comprehensive descriptions of 
the anatomy and physiology of the mesentery, he ignored the possibility it also linked 
organs other than the intestine (Heister, 1752).  
While the images of Vesalius, van Calcar, Aselli, Eustachi, and Cowper 
showed all abdominal digestive organs in close association with the mesentery, none 
appeared to have commented on this relationship in descriptive text.  That may relate 
to the Greek derivation of the word mesentery (from mésos, or middle, and enteron, 
meaning intestine), which refers only to the intestine.  Interestingly, these anatomists 
and artists often presented an image of the abdomen with all digestive organs 
removed. In this image, the prosection retains the kidneys, inferior vena cava, aorta 
and their branches. Later, an image produced by Sheridan Delépine differed 
significantly from that of Vesalius, Eustachi, Asselli, and Cowper (Woodhead, 1922). 
The Delépine image (and those that followed) was based on descriptions by Henry 





Figure 1. 4 Mesenteric attachments. 
Image by Sheridan Delépine — appearing in Henry Gray’s “Anatomy Descriptive 




Motherby’s Medical Dictionary, printed in 1785, provided the first 
dictionary definition of the mesentery (Motherby, 1785).  Motherby used the term 
“mesenterium” and defined it as: 
“….a duplicature of the peritoneum, connected by a cellular membrane, 
expanding and receiving the guts as in a sling.  It begins loosely upon the loins 
extending to all parts of the intestines, except the duodenum; but that part of it that 
belongs to the great guts is called the mesocolon. “ 
Motherby also referred to function:  
“It prevents the intestines from twisting and keeps them in their proper 
places.  It sustains the arteries, veins, lymph ducts and nerves, in their passage to and 
from the intestines.” 
Motherby noted that many (other than Dr. William Hunter) thought several diseases 
arose from the mesentery: 
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“Many disorders are spoken of, by different authors as taking their life 
(origin) from the mesentery; but Dr Hunter says it is rarely diseased…” 
The shift toward a model of fragmentation occurred during the 19th century 
through discussion at surgical society meetings (Forbes and Conolly, 1838; Erichsen, 
1857). In debates over the surgical management of imperforate anus, the existence of 
a right and descending mesocolon was first called into question by a French surgeon, 
Jean Zuléma Amussat. Until that point, the preferred surgical approach to imperforate 
anus was Littré’s operation, which involved the creation of a colostomy in the left 
iliac fossa. However, Littré’s operation resulted in death due to peritonitis in almost 
all cases. To improve outcomes Amussat proposed the formation of a lumbar 
colostomy to manage imperforate anus, without risking spillage into the peritoneum 
(Figure 1.5). Amussat detailed his approach in a comprehensive treatise in 1839, in 
which he describes his impression of mesocolic anatomy: 
“I have never found a lumbar mesocolon (i.e. a lumbar colon floating within 
the abdomen). In fact, I have always observed that the colon is adherent to the lumbar 
region. To find out whether the lumbar colon is devoid of mesentery it is necessary 
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to examine from behind without opening the abdomen. By taking an anterior 
approach, it is possible to form a mesentery by forced traction of the colon.” 
(Translated from French manuscript)  
Amussat only considered the mesentery if it was “free and floating”. 
Furthermore, he maintained that surgical mobilisation of the mesentery from an 
intraabdominal approach resulted in an “artificially” created mesentery. In 1842, 
Amussat presented a series of 20 infants presenting with imperforate anus to the 
Royal Academy of Medicine in Paris, in which he asserted that the left and ascending 
mesocolon were absent in all but one patient (Amussat, 1842). During the 1840’s, 
surgeons debated the absence of lumbar regions of mesocolon at society meetings. 
However, as superior patient outcomes emerged with Amussat’s approach, his 
anatomical descriptions also gained favourable opinions and appeared in leading 
medical journals such as The Lancet (Erichsen, 1857). In tandem with this, the 




Figure 1. 5 Illustration of Ammussat’s operation. 
The lumbar approach to the formation of a colostomy, as advocated by Jean Zulema 
Amussat. Illustration by Jean-Baptiste Marc Bourgery, adopted from Traité Complet 





Henry Gray prompted a significant shift in how the mesentery was viewed 
in a description of “mesenteries” in the first edition of Gray’s Anatomy (then called 
“Anatomy Descriptive and Surgical”, 1858) (Halford, 1859). It is unclear who 
directed Gray toward Amussat’s descriptions. However, many of Gray’s colleagues 
(including Henry Vandyke Carter, Gilbert Breschet, and Timothy Holmes) 
referenced Amussat’s decriptions of mesenteric anatomy. Gray described a root (i.e. 
perceived line “attachment”) of the small intestinal region of mesentery: 
“It’s root, the part connected with the vertebral column, is narrow, about six 
inches in length, and directed obliquely from the left side of the second lumbar 
vertebra to the right sacroiliac symphysis.” 
Jones Quain, a surgeon from Fermoy, Cork, Ireland, had previously 
examined the small intestinal region of mesentery (Quain, 1843). In 1837, Quain 
described the relationship between the small intestinal region of mesentery and that 
associated with the ascending colon: 
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“Its (i.e. the small intestinal region of mesentery) upper and left border is 
continuous with the transverse mesocolon, whilst at the lower and right side it 
gradually spreads into the ascending mesocolon.”  
Quain's Elements of Anatomy became a prominent reference textbook. 
Quain’s findings echoed similar work by Irish anatomists (including Robert 
Harrison’s Dublin Dissector, 1829) (Harrison, 1841). However, the Dublin dissector 
did not refer to continuity between different regions of the mesentery. Other 
prominent texts (e.g. Bichat’s “General Anatomy Applied to Physiology and 
Medicine” (1822) made little reference to the mesentery (Bichat et al., 1824). Gray 
fully departed from the Quain’s descriptions while describing the ascending 
mesocolon: 
“…the fold which connects the back part of the ascending colon with the 
posterior abdominal wall.”   
And furthermore in his description of the “mesocaecum”: 
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“The mesocaecum, when it exists, serves to connect the back part of the 
caecum with the right iliac fossa.” 
Gray’s textbook became and remains the premier reference textbook of 
anatomy.  As a result, the descriptions of the mesentery, the mesenteric root, the 
location of the ascending and descending mesocolon, and the concept that some areas 
may be devoid of mesentery, were indoctrinated in all mainstream anatomical and 
related literature.   
The success of Gray’s Anatomy Descriptive and Surgical may partially 
explain the widespread uptake of his model of mesenteric anatomy.  Sir Frederick 
Treves (1888) added further support in noting that he could only observe a right- and 
left-sided mesocolon in a minority of cases (Treves, 1885): 
“I made a careful examination … in 100 subjects with the following result. 
In 52 bodies (that is, in about one-half), there was neither an ascending or descending 
mesocolon. In 22, there was a descending mesocolon, in 14 subjects there was a 
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mesocolon to both the ascending and descending segments of the bowel; while in the 
remaining 12 bodies there was an ascending mesocolon only.” 
Some of Treves’ descriptions were accurate.  He correctly described how 
the mesoappendix arises from under the surface of the mesentery in the ileocaecal 
region.  Also, Treves accurately described a mesenteric “root” region containing the 
superior mesenteric vein and artery.  However, Treves also described insertions (i.e. 
attachments) of regions of mesentery in line with Gray’s description.  He implied 
there were multiple mesenteries and that each attaches to the posterior abdominal 
wall along a near-linear trajectory.  For example, Treves echoed Gray’s description 
of the small intestinal mesentery as inserting along an oblique trajectory from the 
duodenojejunal flexure to the ileocaecal junction.  This line of insertion was (and still 
is) routinely referred to as the “root” of the mesentery.  According to Treves, the 
mesosigmoid also attached to the posterior abdominal wall along a linear trajectory. 
Delépine elegantly depicted these concepts (Figure 1.4).   
The Delépine image continues (even to the present) to be the starting point 
of almost all descriptions of the mesentery. The Gray model of the mesentery was 
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propagated throughout all mainstream anatomical literature, and mesenteric anatomy 
was frequently depicted as complicated and confusing, as reflected in the article by 
Dublin anatomists McConnell and Garratt. They also commented that the persistence 
of the ascending mesocolon was as “abnormal as a cleft palate” (McConnell and 
Garratt, 1923). 
While the concept of numerous mesenteries populated mainstream 
literature, suggestions of continuity occasionally resurfaced.  For example, Claude 
Bernard depicted a continuous mesentery when describing the pancreas in Memoir 
sur le pancreas (Bernard, 1856).  The descriptions and images of Viennese anatomist 
Carl Toldt indicated the ascending and descending mesocolon are always present in 
humans  (Toldt, 1879; Coffey and Kiran, 2017).  However, Toldt also described these 
regions of mesentery as “fusing.” The concept of fusion created the impression of 
mesentery merging with the retroperitoneum.  “Merging” or “fusion” could explain 
how the ascending and descending mesocolon might obliterate to become “vestigial” 
or “absent” (thus explaining the descriptions of Gray and Treves).  Sliding and 
regression theories were developed to explain mesenteric absence at certain levels in 
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adult life (Figure 1.6) (Coffey and O’Leary, 2016a). The theory of fusion gained the 
support of some authors while the sliding theory quickly fell out of favour (Congdon 















Figure 1. 6 Illustrations of mesenteric embryology and anatomy by Carl Toldt. 
Adapted from “Anatomischer Atlas Fuer Studirende Und Aerzte” (An atlas of human 
anatomy for students and physicians). 
(a, b) Illustration showing anterior view of mesentery. Process of rotation during 
embryological development. (c) Illustration showing anterior view of mesentery. 
Postnatal morphology of a continuous mesentery. (d) Illustration showing anterior 
view of mesentery. Adult anatomy of mesentery showing continuity between small 
intestine mesenteric and right mesocolic regions. 
 
20th century advances from the field of surgery 
In 1909, Jamieson and Dobson emphasised the importance of removal of a 
lymphatic package when operating for colon cancer (JAMIESON and DOBSON, 
1909).  Edward Congdon reviewed Toldt’s findings commenting on how these 
received little attention in the general literature (Congdon et al., 1942).  During this 
time, some surgeons accessed a plane to minimise blood-loss when resecting the 
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colon. This plane refers to the interface formed between regions of the mesentery and 
underlying Toldt’s fascia (Coffey et al., 2014, 2015a). Although surgeons routinely 
accessed a plane to enable bloodless mobilisation of the colon, the mesentery 
continued to receive little attention in surgical texts. 
Gradually a discrepancy arose between anatomical teaching and surgical 
practice. This discrepancy persists even today and may have contributed to the lack 
of standardisation in global surgical practice (Culligan et al., 2013; Coffey et al., 
2014; Sehgal and Coffey, 2014a, 2014b; Coffey and Dockery, 2016b).  From the 
early twentieth century onwards, surgeons routinely detached a distinct fatty structure 
contiguous with the left and ascending colon (Sehgal and Coffey, 2014b). These fatty 
structures are now acknowledged as regions of mesentery. However, anatomical texts 
persisted in describing multiple, separate mesenteries. For example, Cunningham’s 
Manual of Practical Anatomy applies the term “mesentery” to “any fold of the 
peritoneum that attaches the intestinal tube to the posterior abdominal wall”. 
Cunningham lists “mesenteries” referring to that of the ascending and descending 
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colon as “…the mesenteries occasionally found in connection with the ascending and 
descending portions of the colon” (Lopopolo, 1978; Cunningham, 2011).  
In 1982 the mesentery received increased focus when Heald demonstrated 
a link between mesorectal excision and improved outcomes in patients having 
surgery for rectal cancer (Heald, 1988; Calvin Coffey et al., 2017).  In tandem with 
this, the input of laparoscopic technologies provided high resolution and high 
magnification imaging that greatly assisted surgeons in identifying anatomical planes 
(O’Leary et al., 2016). Mesenteric-based surgery increasingly produced excellent 
outcomes in colorectal surgery. Hohenberger et al. demonstrated excellent outcomes 
when a mesenteric-based approach was adopted in colon cancer (Hohenberger et al., 
2009). Japanese and Chinese surgeons developed the concept of “levels” of 
mesenteric dissection. When discussing surgery for colon cancer, the term D2 refers 
to a level of mesenteric resection dividing the mesentery at the origin of the ileocolic 
artery. D3 refers to dissection of mesentery at a more proximal level i.e. at the root 
region of the mesentery (Spasojevic et al., 2013). Hohenberger popularised the term 
complete mesocolic excision.  Heald used the term total mesorectal excision. More 
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recently, our group has demonstrated that mesenteric-based surgery in Crohn’s 
disease is associated with reduced recurrence requiring reoperation (Coffey et al., 
2016b, 2018). Importantly, mesenteric continuity is the anatomical foundation of all 
such approaches.  
During this period, imaging modalities enabled radiological visualisation of 
solid organs in the abdomen (e.g. computerised tomography). Before the 
development of these, abdominal imaging relied on plain and contrast-based 
radiography (which cannot depict solid organs). The development of abdominal 
computed tomography (CT) and magnetic resonance imaging (MRI) focussed 
attention on digestive organs including the mesentery (Coffey et al., 2016a). 
However, abdominal radiologists did not have the opportunity afforded to surgeons 
in visualising and handling mesentery and as a result relied on anatomical 
descriptions in mainstream anatomical literature. In 1986, Wylie Dodds indicated 
that he could not integrate the then current theories of mesenteric anatomy with the 
shapes observed on CT imaging. He suggested that the mesentery was best 
considered as being entirely extraretroperitoneal (Dodds et al., 1986). Subsequently, 
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Oliphant developed the concept that abdominal digestive organs were connected, via 
a “posterior compartment”, with the retroperitoneum (Oliphant and Berne, 1982).  
Although Oliphant ’s theory hinted at the idea of continuity and echoed renaissance 
images, an anatomical correlate was not apparent. Radiologists continued to utilise 
the peritoneal-based model as a foundation of for radiological interpretations of the 
abdomen despite still noting the complexity of the model (Tirkes et al., 2012). 
 
Recent advances in our understanding of mesenteric anatomy 
In 2012 our group formally demonstrated that the right and descending 
colon always have a contiguous mesentery (Culligan et al., 2012, 2014b, 2014a). 
Based on this observation, and the knowledge that the transverse, small intestinal and 
sigmoidal regions also have contiguous mesentery, our group proposed that the 
mesentery distal to the duodenjojejunal flexure is continuous (Figure 1.7).  The small 
intestinal region of mesentery continues laterally as the ascending mesocolon.  This 
echoes Quain’s descriptions in 1822 (see above) (Quain, 1843). The ascending 
mesocolon continues as the transverse mesocolon and after that into the descending 
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mesocolon.  Taken together, the lower region of mesentery (distal to the 
duodenojejunal flexure) resembles a Chinese fan as it opens around a central point.  
In effect, the scientific and clinical community has now come full circle and back to 






Figure 1.7 Classic and current teaching of mesenteric anatomy distal to the 
duodenojejunal flexure. 
(a) 3D Digital sculpture of mesentery as described by Henry Gray. (b) 3D Digital 
model showing continuity of mesentery from duodenojejunal flexure to mesorectal 
level. Adapted from “Mesenteric principles of gastrointestinal surgery” (2018). 
  







Development of the current understanding of mesenteric anatomy 
Many factors are likely to have contributed to the development of modern 
understanding of mesenteric anatomy. The key advancement was the observation that 
the right and descending colon always have contiguous mesentery. Coffey made this 
observation in 2008 and Culligan formally published these findings in 2012 (Culligan 
et al., 2012). The observation was made possible by two factors. First, laparoscopic 
surgery made visualisation and observation of mesenteric anatomy more accessible. 
In laparoscopic surgery, instruments distance the surgeon from direct contact with 
tissue. As a result, the surgeon must have an accurate model of human anatomy as a 
frame of reference. The development of laparoscopic surgery occurred in tandem 
with improvements in surgeon’s understanding of human anatomy. Advances in the 
visualisation of tissue aided this. Laparoscopic platforms provide a twenty-fold 
magnification and high-resolution images. The subtle interface between the 
mesentery and retroperitoneum, occupied by Toldt’s fascia, became the landmark for 
all colorectal surgeons for mesenteric detachment.  
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The second major development was recognition of the importance of 
removal of an intact mesentery during surgery. The anatomical basis of this practice 
remained elusive until demonstrated by Heald in 1982 and again by Hohenberger in 
2009 (Heald, 1988; West et al., 2010). It prompted an ongoing movement to 






Section 2: Current understanding of mesenteric anatomy distal to the 
duodenojejunal flexure  
Our current understanding of mesenteric anatomy is based on studies using 
multiple modalities of investigation. These studies have used dissection, operative 
observations, radiological appraisals, observations from cross-sectional datasets 
generated using cadavers, histological and scanning electron microscopic 
examination (Culligan et al., 2013, 2014a, 2014b; Coffey et al., 2016a). Taken 
together, these studies form a comprehensive reappraisal of mesenteric anatomy 
distal to the duodenojejunal flexure. The findings of these studies, are being 
integrated into anatomical and embryological textbooks such as Gray’s Anatomy, 
Gray’s Surgical Anatomy and Langman's Medical Embryology (Sadler, 1988; Coffey 
and Dochery, 2018). More recently, other groups of investigators have independently 
replicated these findings (Kumar et al., 2017; Dalla Pria et al., 2019; D’Souza et al., 
2020). The following section provides an overview of the current understanding of 




Figure 1. 8 3D digital sculpture of intestine, mesentery, peritoneum and fascia. 
(a) Three-dimensional digital model showing peritoneum as a continuous structure 
overlying the other components. (b) Three-dimensional digital model showing 
peritoneum removed to demonstrate in situ conformation of the mesentery, intestine 
and fascia. (c) Three-dimensional digital model showing intestine and mesocolon in 
spiral conformation. (d) Three-dimensional digital model showing continuous 
structure of mesentery. Adopted from “Mesenteric principles of gastrointestinal 
surgery” (2018).  
 
 




Small intestinal mesentery 
The small intestinal region of mesentery is a mobile region of mesentery 
that has a relatively short base and a longer intestinal margin (Figure 1.9). The 
intestinal margin of the mesentery measures approximately four meters in length. 
The differential in length between the base of the small intestinal mesentery and the 
longer intestinal margin gives a coiled appearance. This coiling enables the intestinal 
contents to be compactly packed within the abdomen. The disparity between the 
length of the base of small intestinal mesentery and its intestinal margin means that 
it is not feasible to unfold the small intestinal mesentery in its entirety.  
As one follows the small intestinal region of mesentery towards the 
posterior abdominal wall, the peritoneal reflection obscures the mesenteric base. 
Beneath the reflection the mesentery continues laterally as the ascending mesocolon, 
an anatomical arrangement described by Jones Quain in 1822 but ignored by 











(a) 3D digital sculpture of small intestinal region of mesentery. Loops of jejunem and 
ileum positioned at the intestinal margin of the mesentery. (b) 3D digital sculpture of 
lower region of mesentery. Depicts continuity between small intestine mesentery and 
ascending mesocolon. Adopted from “Mesenteric principles of gastrointestinal 
surgery” (2018).  
 
Ascending mesocolon 
The ascending mesocolon extends from the base of the small intestinal 
mesentery to the border of the ascending colon (Figure 1.10). It is positioned lateral 
to the small intestinal mesenteric region and is anterior to Toldt’s fascia. The 
mesentery tapers to an apex in the right iliac fossa. This region has been termed the 
“ileocaecal confluence”. The mesoappendix is an appendage (like the appendix is to 
the colon) that extends from the posterior region of the ileocaecal confluence. The 
retromesenteric position of the mesoappendix explains the retrocolic position of the 
appendix seen in adults.  
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Numerous key structures are positioned around the ileocaecal confluence. 
These include Toldt’s fascia, which is positioned posterior to the ileocaecal 
confluence. Although these structures are closely associated, they remain separate. 
Another structure is a region of the peritoneal reflection which is positioned at the 
base of the small intestinal region of mesentery. This obscures direct visualisation of 
the ileocaecal confluence. Mobilisation of the ascending mesocolon requires 
disruption or division of these structures.  
The ascending mesocolon is the continuation of the small intestinal 
mesentery, and it is attached (or anchored) to the posterior abdominal wall throughout 
its extent.  Where this process of anchorage or attachment is deficient, the ascending 
mesocolon and ileocaecal region are mobile and prone to twisting (i.e. torsion or 
volvulus) around the attached region of mesentery (FIGIEL and FIGIEL, 1953; 
Lampl et al., 2009).  Previous literature has suggested this form of volvulus arises 
due to the presence of an anomalous ascending mesocolon (FIGIEL and FIGIEL, 

















Figure 1. 10 Three-dimensional digital scupture and images from prosections of 
mesocolon. 
(a) Digital sculpture showing a cranio-caudal view of a transected model at the level 
of the lumar mesocolon. (b) Digital sculpture showing a caudo-cranial view of a 
transected model at the level of the lumar mesocolon. (c) Photograph of prosection 
demonstrating of ileocaecal confluence. Adapted from “Mesenteric principles of 
gastrointestinal surgery” (2018).  
 
Hepatic flexure 
As the ascending mesocolon continues superiorly, it separates from the 
posterior abdominal wall at its intestinal margin and then continues as the hepatic 
flexure. As such, the hepatic flexure is the transition between the ascending 
mesocolon and transverse mesocolon. The mesenteric component of flexures has 
been described in terms of radial and longitudinal axes. The radial axis of the hepatic 
flexure extends from the middle colic artery to the intestinal margin. As it does so, it 
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transitions from being apposed to mobile. The longitudinal axis spans from the 
ascending mesocolon to the transverse mesocolon. 
 
Transverse mesocolon 
The transverse mesocolon occurs between the mesenteric components of the 
hepatic and left colic flexures (Figure 1.11). At flexural regions the mesocolon 
transitions from apposed to mobile. The transverse mesocolon converges on the 
origin of the middle colic artery. As such the radial axis extends from this point, at 
the base of the middle colic artery, to the intestinal margin of the transverse 
mesocolon.  
The transverse mesocolon is similar to the small intestinal mesentery as it 
is also mobile. A further similarity is the differential between the base and intestinal 
margin. This results in a highly variable shape and position of the transverse 
mesocolon between individuals. The transverse mesocolon overlies the small 
intestine and associated region of mesentery. At the cephalad edge, the greater 
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omentum overlies it and extends caudally over the small intestine. Extensive 
adhesions are frequently observed at the inferior side of the junction between the 





Figure 1. 11 Digital scupltures highlighting regional anatomy of mesocolon. 
(a) 3D digital sculpture of lower region of mesentery. Yellow region indicates 
ascending mesocolon. (b) 3D digital sculpture of lower region of mesentery. Yellow 
region indicates transverse mesocolon. (c) 3D digital sculpture of lower region of 
mesentery. Yellow region indicates descending mesocolon and circumferential 




a b c 




Left colic flexure  
The left colic flexure occurs at the point where the transverse mesocolon 
transitions from being mobile to apposed (Figure 1. 12). It continues distally as the 
descending mesocolon. The radial axis of the left colic flexure extends from the 
middle colic arterial pedicle and extends to the intestinal margin. The longitudinal 
axis extends from the transverse mesocolon to the descending mesocolon. Adhesions 
frequently occur at the left colic flexure and may extend to the spleen. This can result 
in challenging mobilisation of the left colic flexure and risk injury to splenic capsule 
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Figure 1. 12 Digital sculpture of transverse mesocolon. 
(a) 3D-digital sculpture of lower region of mesentery. Inferior view of hepatic 
component of transverse mesocolon. (b) 3D digital sculpture of lower region of 
mesentery. Inferior view of splenic component of transverse mesocolon. Adopted 
from “Mesenteric principles of gastrointestinal surgery” (2018).  
 
Descending mesocolon 
The left colic flexure continues distally as the descending mesocolon. The 
left mesocolic region of mesentery is always present and is considerably thicker than 
the almost translucent zone of the left colic flexure. The descending mesocolon is 
thickest at the inferior mesenteric adipovascular pedicle. Distally, the descending 
mesocolon continues as the apposed region of the mesosigmoid.  
Toldt’s fascia is positioned between the descending mesocolon and the 
retroperitoneum. The fascia extends posterior to the colon and laterally to the 
peritoneal reflection. The white line of Toldt occurs at the lateral limit of Toldt’s 
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fascia and can be observed beneath the peritoneal reflection intraoperatively. It may 




The descending mesocolon continues distally as the mesosigmoid. It has 
mobile and attached regions that are best described in terms of its transverse axis (  
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Figure 1. 13). At the junction between the descending colon and 
mesosigmoid, the transverse axis is narrow in calibre and is attached in its entirety. 
Similarly, at the junction between the mesosigmoid and mesorectum it is attached in 
its entirety. In between these two junctions the sigmoid elongates and the 
mesosigmoid is accordingly lengthened. In this transverse axis, it is attached medially 
and mobile laterally. A region of peritoneal reflection is present at the posterior 
transition point from apposed to mobile. The line of transition from apposed to 
mobile follows a diagonal course and extends from the junction of the descending 
mesocolon and mesosigmoid to that of the mesosigmoid and mesorectum.  
The mesosigmoid may be described in terms of radial and longitudinal axis. 
Radially, it extends from the midline to the intestinal margin and fans out like the 
transverse mesocolon. Similar to other mobile regions of mesocolon and small 
intestine, the mesosigmoid has a longer intestinal margin relative to its base. 
Longitudinally, it extends from the descending mesocolon to the rectosigmoidal 
junction (D’Souza et al., 2020).  
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Mesenteric angles occur at the junctions between the mesosigmoid and 
adjacent regions of mesentery. The proximal mesosigmoid angle occurs at the 
junction between the descending mesocolon and the sigmoid mesocolon. The distal 
mesosigmoidal angle occurs between the sigmoid mesocolon and mesorectum. 
The differential between attached non-attached regions is clinically 
important.   If the difference in area between attached and non-attached is sufficient, 
then the mobility of the mesosigmoid makes it susceptible to twisting. Given 
intestinal contiguity with the mesosigmoid, this leads to a similar twisting of the 
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Figure 1. 13 Digital sculture of transversely sectioned mesosigmoid. 
(a) 3D digital scultupe of sigmoid mesocolon.  Cranio-caudal view of transversely 
sectioned sigmoid colon and mesosigmoid. (b) 3D digital scultupe of sigmoid 
mesocolon.  Caudo-cranial view of transversely sectioned sigmoid colon and 




The attached and mobile regions of the mesosigmoid converge distally to a 
“waist-like” region of mesentery where the mesentery continues as the mesorectum 
(White et al., 2019; D’Souza et al., 2020).  The mesorectum terminates just proximal 
to the pelvic floor. Superiorly, the mesentery is posterior and lateral to the rectum. 
At its caudal end, it is circumferential. The anterior component of the mesorectum 
occurs caudal to the anterior reflection. Toldt’s fascia surrounds the mesorectum and 
extends distally toward the perineum. This relationship provides the plane of 
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dissection for total mesorectal excision. Anteriorly, the fascia is interposed between 
the rectum and prostate in males and rectum and vagina in females. A multiplicity of 
terms has been applied to different regions of mesorectal fascia (Denonvillier’s 
fascia, Waldeyer’s fascia, retrorectal or presacral fascia). Interestingly, some authors 
have recently questioned whether the anterior region of mesorectal fascia, 
conventionally termed  Denonvilliers fascia, exists in women. Zhang et al. were 
unable to identify Denonvilliers fascia by using a novel epoxy sheet plastination 
technique (Zhang et al., 2016). However, such a study has significant limitatations, 
including a sample size of three. Without further confirmatory evidence, it is likely 
that fascia indeed exists at this level but is challenging to visualize.   
 
Adipovascular pedicles 
Adipovascular pedicle refers to thickening of mesentery at major vascular 
trunks (Figure 1. 14). Appendices epiploicae occur along the longitudinal axis of the 
colon. They have a lobular appearance and arise from the serosal surface of the colon 
whereas adipovascular pedicles occur around large vessels such as the superior 
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mesentery artery, inferior mesenteric artery and their regional branches to the colon 
(Figure 1. 14). Thickening also occurs at the marginal artery along its course. 
Between pedicles, the mesentery is relatively thin and flat. These are optimal regions 
for transection during operative procedures due to the absence of vasculature. The 














Figure 1. 14 Digital sculpture of appendices epiploicae and adipovascular pedicles. 
(a) 3D digital scultupe of ascending mesocolon.  Anterior view of ascending colon 
with appendices epiploicae in commonly found position. (b) 3D digital scultupe of 
ascending mesocolon.  Anterior view of ascending mesocolon showing ileocolic 
adipovascular pedicle. Adopted from “Mesenteric principles of gastrointestinal 
surgery” (2018).  
 
Mesenteric anatomy proximal to the duodenojejunal flexure 
 The mesentery proximal to the duodenojejunal flexure is not well 
characterized. The mesogastrium and mesoduodenum (which contain the pancreas) 
are thought to be continuous with the mesentery distal to the duodenojejunal flexure 
although this requires formal confirmation. However, several authors have reported 
using mesenteric-based approaches to surgeries involving the duodenum, stomach 
and oesophagus (Fang, 2013; Kurokawa et al., 2018; Shinohara et al., 2018). Overall 




Section 3: Current understanding of peritoneal and fascial anatomy 
 
Anatomy of the peritoneal reflection 
The anatomy of the peritoneal reflection is related to mesenteric anatomy 
(Figure 1. 15). The peritoneum is a single, continuous structure which is best 
described in terms of regions. As a formal appraisal of the reflection has not yet been 
performed proximal to the duodenojejunal flexure, the following section solely 
focusses on the anatomy of the reflection distal to the duodenojejunal flexure.  
The small intestinal peritoneal reflection occurs where the small intestinal 
mesentery attaches to the posterior abdominal wall. This region of the reflection 
continues at the inferolateral aspect of the ileocaecal mesenteric confluence. At this 
point, it is termed the inferolateral peritoneal reflection. The lateral continuation of 
the reflection occurs at the lateral margin of the ascending colon and is called the 
right peritoneal reflection. As detailed above, the white line of Toldt can be observed 
(with some variability) beneath this region of reflection (Figure 1. 16). More 
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superiorly, at the hepatic flexure, the reflection continues radially as the hepatocolic 
reflection. Across the midline, the reflection is best visualised by upward retraction 
of the greater omentum. This region of the reflection, termed the omentocolic 
reflection, occurs at the junction between the transverse colon and the greater 
omentum. Division of the peritoneum in this region (i.e. peritonotomy) facilitates 
access to the fascial plane accessed during bursectomy (Kurokawa et al., 2018). On 
the left side of the abdomen, the splenocolic reflection occurs at the left colic flexure. 
The cephalad aspect of the left colic flexure is obscured from direct visualisation by 
the splenocolic reflection and greater omentum. The distal continuation of the left 
lateral reflection is the mesosigmoidal reflection. This occurs at the lateral margin of 
the base of the mesosigmoid, where the mesosigmoid transitions from being apposed 
to mobile. In the pelvis, the reflection occurs at both sides of the mesorectum (i.e. the 





Figure 1. 15 Digital sculpture of right peritoneal reflection. 
Three-dimensional digital sculpture depicting an inferolateral view of the right 







Prominent transverse folds occur in several regions of the reflection. They 
differ from the reflection as they involve peritoneum folding back on itself. Their 
distribution and extent are highly variable. Examples of these fold occur at the 
ileocaecal junction and the left lateral reflection. In all these cases, the mesentery 
transitions from being mobile to attached at the fold. The function of these folds is 
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Figure 1. 16 Digital sculpture showing the left lateral peritoneal reflection. 
(a) 3D digital scultupe (left lateral view) of descending mesocolon.  White line of 
Toldt indicated underneath reflection. (b) 3D digital scultupe (left lateral view) of 
descending mesocolon.  Black interrupted line indicating the distrubtion of the left 
lateral peritoneal reflection. Adopted from “Mesenteric principles of gastrointestinal 
surgery” (2018).  
 
Toldt’s Fascia 
Toldt’s fascia is an areolear connective tissue layer that occurs between 
attached regions of mesentery and the posterior abdominal wall (Figure 1.17). A 
multiplicity of terms have been used to refer to different regions of Toldt’s fascia. 
These include Denonvillier’s fascia, Waldeyer’s fascia, Gerota’s fasica, retrorectal 
fascia and pelvic extraperitoneal fascia among others. This multiplicity of terms 
indicates a lack of consensus related to terminology.  
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Toldt’s fascia was identified by Carl Toldt in his 19th century textbook 
“Anatomischer Atlas für Studirende und Ärzte”. Toldt used fresh cadavers as opposed 
to those preserved in formalin. This approach enabled the identification of fascial 
continuity. It would otherwise have been difficult to characterise using preservative-
based dissection techniques (Hohenberger, 2012).  
Recent appraisals of Toldt’s fascia support Toldt’s observations. Posterior 
to the ascending mesocolon, the fascia is dense and comprises multiple lamella of 
collagen. This contrasts with other regions of the fascia, such as at the mesosigmoid 
and mesorectum, where the fascia is notably thin and areolar in comparison. 
Consequently, Toldt’s fascia may be difficult to identify intraoperatively.  
 
Mesorectal fascia 
In the pelvis, Toldt’s fascia occurs between the mesorectum and the pelvic 
bones. It is circumferential where the mesorectum is also circumferential. In this 
region, a multiplicity of terms, such as pelvic extraperitoneal fascia and retrorectal 
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fascia, have been applied to it. Distally, Toldt’s fascia converges posteriorly at what 
is termed Waldeyer’s fascia. Anteriorly, where the fascia is interposed between the 
mesorectum and prostate in males, it is referred to as Denonvillier’s fascia. This 







Figure 1. 17. Distribtion of Toldt's fascia associated with mesentery distal to the 
duodenojejunal flexure. 
(a) 3D digital sculpture of lower region of mesentery. Anterior view of composite 
digital model, showing Toldt’s fascia (green) and mesentery (yellow) in contiguity 
with one another. (b) D digital sculpture of lower region of mesentery. Posterior view 
of composite digital model, showing Toldt’s fascia (green) and mesentery (yellow). 
Adopted from “Mesenteric principles of gastrointestinal surgery” (2018).  
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Fascia to the left of the midline 
The mesorectal fascia continues proximally as the mesosigmoidal fascia. 
This region of fascia is thin and easily disrupted after division of the mesosigmoidal 
reflection. The proximal end of the mesosigmoidal fascia is relatively dense and 
comprises multiple lamellae of collagen. The lateral terminus of the left mesocolic 
fascia is at the white line of Toldt. Peritonotomy of the white line of Toldt during 
colorectal surgery facilitates access to the mesofascial plane (Figure 1. 18). By 
following this plane, the surgeon can detach and mobilize the descending mesocolon 
in its entirety (  
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Figure 1. 19).  
 
 
Figure 1. 1. Transversely sectioned digital model of mesocolon, showing anatomical 
relationship between mesentery, fascia and peritoneal reflection. 
   







Figure 1. 18. Transversely sectioned digital model of mesocolon, showing anatomical 
relationship between mesentery, fascia and peritoneal reflection. 
(a) 3D digital sculpture of descending mesocolon. Close-up of lateral relfection. (b) 
3D digital sculpture of descending mesocolon. Caudo-cranial view of transversely 
sectioned mesosigmoid. Adopted from “Mesenteric principles of gastrointestinal 










Figure 1. 1. Photographic images from cadaveric prosections showing of mesofascial 
seperation, performed on the right mesocolon. 
a
 
   
a
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Figure 1. 19. Photographic images from prosections showing mesofascial seperation, 
performed on the ascending mesocolon. 
(a) Photograph of prosection of descending mesocolon. Lateral view of descending 
colon, medially retracted. (b) Photograph of prosection of descending mesocolon. 
Lateral of left mesofascial plane following further mobolisation. Adopted from 
“Mesenteric principles of gastrointestinal surgery” (2018).  
 
Fascia to the right of the midline 
On the right side of the abdomen, Toldt’s fascia occurs posterior to the 
ascending mesocolon and anterior to the posterior abdominal wall. The lateral 
boundary occurs at the peritoneal reflection, through which it can be observed as the 
white line of Toldt. The medial margin is formed by the small intestinal mesenteric 
reflection. The proximal continuation of the mesocolic fascia has not yet been 
formally characterised. However, fascia is present posterior to the duodeuonem. 
Mobilisation of the duodenum (as part of Kocher’s manoeuvre) is performed along 
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this fascial plane. However, whether this fascia is continuous with mesocolic or small 





Section 4: Development of the mesentery 
Mesenteric development is a complex process typically regarded as difficult 
to conceptualize. The primitive mesentery and its associated gut undergo numerous 
sequential morphological changes during development. The mesentery is contiguous 
with the intestine. Therefore, development of both mesentery and intestine are closely 
related. The adult gut epithelium is derived from endoderm. The adult mesentery, 
peritoneum, associated fascia as well as the non-epithelial components of the 
intestinal wall are derived from mesoderm (Kiefer, 2003). The structure of the 
embryonic disc is such that endoderm is contiguous with mesoderm. Splitting of 
lateral plate mesoderm forms 2 layers – the dorsal somatopleuric layer and the ventral 
splanchnopleuric layer. Lateral folding of the embryonic disc forms a tubular 
structure of endoderm surrounded by mesoderm. The somatopleuric layer forms the 
coelom body wall whilst splanchnopleuric mesoderm forms the primitive dorsal 
mesentery and peritoneum (McLin et al., 2009). 
The primitive gut is formed at the end of the first month of development 
through lateral folding of the embryonic disc and narrowing of the umbilical vesicle 
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(to form the omphalo-enteric duct). The embryological forerunner of the adult 
mesentery, the dorsal mesentery, can be observed at this timepoint in development. 
As the dorsal mesentery develops it forms a connection between the embryo and the 
primitive gut.(Rubin, 2007; Savin et al., 2011; Coffey and O’Leary, 2016b). The base 
of this connection is positioned in the midline and along cranio-caudal axis of the 
embryo. As the dorsal mesentery develops it undergoes changes in shape and thins 
(Kurpios et al., 2008a). To generate asymmetry, the mesentery associated with the 
hindgut occupies a position left of the midline (Davis et al., 2008; Kurpios et al., 
2008a; Savin et al., 2011; Klezovitch and Vasioukhin, 2013). This process may 
influence subsequent shape changes. Lateralisation of the primitive gut in this 
manner may play a key role in generating the spiral conformation of the mesentery 
distal the duodenuojejunal flexure.  
In the subsequent two months of development, the mesentery and gut 
undergo significant changes in shape and size. Physiological intestinal herniation 
occurs during this developmental window (Soffers et al., 2015). The trajectory of 
herniation occurs in a corkscrew-like manner. Prior lateralisation may play a role in 
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determining the trajectory of the gut during herniation (Davis et al., 2008; Kurpios 
et al., 2008a; Klezovitch and Vasioukhin, 2013). However, this corkscrew 
mechanism alone provides insufficient explanation for the final shape of mesentery 
and, by extension, intestine. 
During the process of physiological intestinal herniation, the cellular 
proliferation rates within the mesentery and intestine are uniform and homogenous 
along the length of the gastrointestinal tract (Savin et al., 2011). As the midgut 
elongates and herniates, plications form at the margin of the mesentery. Plication of 
the mesentery occurs in tandem with intestinal coiling.  
The mid- and hindgut are significantly longer than the entire length of the 
embryo. Compact packing of intestinal contents into the abdomen is dependent on 
the formation of intestinal coils. Formation of mesenteric plications are therefore 
essential for the normal shape and function of the intestine. Mesenteric plication is a 
mechanical process, resulting from differential growth between the intestine and 
mesentery (Davis et al., 2008; Savin et al., 2011). The mesentery exerts a 
compressive force on the intestine. This is countered by a tensile reaction in the gut 
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(Savin et al., 2011). The surgical or enzymatic separation of the gut from the 
mesentery results in resolution of these plications and uncoiling of the intestine 
(Savin et al., 2011).  
Following physiological intestinal herniation, the mesentery and intestine 
are positioned within the coelom. Normally, the final position of the caecum is in the 
right lower quadrant of the abdomen. Caecal position, as well as the formation of the 
ascending colon and hepatic flexure, are determined by differential growth within the 
hindgut (FitzGerald et al., 1970; Cetin et al., 2006). The preceding conformational 
changes are typically depicted as a 270° rotation around the axis of the superior 
mesenteric artery (Moore and Persaud, 1983; Sadler, 1988; Schoenwolf et al., 2009). 
Direct evidence of such a rotation is lacking.  
The latter stages of mesenteric development are not well characterised. 
Theories of development aim to reconcile embryologic processes with the concept of 
mesenteric fragmentation or discontinuity. Proposed explanations include sliding and 
regression theories (Rigoard et al., 2009a; Barussaud et al., 2015). The sliding theory 
postulates that once the right and descending colon have adopted a final position, 
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respective mesenteries slide laterally until positioned immediately behind the right 
and descending colon. The final position of the mesentery is between the right and 
descending mesocolon and the posterior abdominal wall. The regression theory 
suggests that the right and descending mesocolon regress from the intestinal margin 
to allow the right and descending colon to assume a final position.  Reference 
textbooks simply state that the mesentery fuses, resorbs, or disappears on apposition 
to the posterior abdominal wall (Moore and Persaud, 1983; Sadler, 1988; Schoenwolf 
et al., 2009).  
 
Development of Toldt’s fascia 
Carl Toldt suggested that fascia occurs where visceral peritoneum of the 
mesentery fused with parietal peritoneum of the posterior abdominal wall. He termed 
this the “fascia of fusion”. Toldt proposed that mesothelial layers regressed when 
apposed, generating collagenous fascia during this process (Toldt, 1879; TOB, 1944; 
Coffey and Kiran, 2017). Recent advances in our understanding of mesentery 
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anatomy distal to the duodenojejunal flexure demonstrate that the fascia is retained 
into adulthood.  
 
Arteriogenesis and lymphangiogenesis in the developing mesentery  
Mesenteric arteriogenesis begins at the end of the first month of 
development and continues during physiological intestinal herniation (Mahadevan et 
al., 2014).  Arteriogenesis proceeds asymmetrically, and although angioblasts are 
present throughout the dorsal mesentery, they fail to form vessels on the right side of 
the mesentery at first (Mahadevan et al., 2014). Development of these occurs in 
tandem with gut looping. Interstitial Cajal-like cells surround developing vessels. 
Hinescu et al. suggest these maintain luminal patency countering mechanical stresses 
occurring during apparent “rotation” of the colon (Hinescu et al., 2008). Asymmetric 




Lymphangiogenesis occurs asymmetrically i.e. left-sided 
lymphangiogenesis occurs first (Eberl and Lochner, 2009). Lymphangiogenesis 
occurs after blood vessel formation suggesting arteriogenesis is a driver of 
lymphangiogenesis (Mahadevan et al., 2014). Mesenteric lymphangiogenesis drives 
intestinal lymphangiogenesis (Mebius et al., 1996; Mahadevan et al., 2014). At the 
interface between the mesentery and intestine (i.e. the intestinal hilum) intestinal 
lymphatics form through branching of mesenteric lymphatics across this junction. 
Macrophages induce this branching process (Kim et al., 2007).  CD4+CD3−  
hematopoietic cells colonise mesenteric lymph nodes during murine development 
(Mebius et al., 1996). Mesenteric nodal agenesis occurs if CD4+CD3− cells are  
absent (Eberl and Lochner, 2009).  
 
Role of the mesentery in digestive system neurogenesis  
The mesentery plays key roles in digestive system neurogenesis. Enteric 
neural crest cells, derived from vagal neural crest cells, are a key cellular source of 
the enteric nervous system (Wallace and Burns, 2005; Sehgal, 2018). NCCs are 
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present in the foregut at week 4 and migrate to the terminal hindgut by week 7. Using 
time-lapse imaging, Nishiyama et al. showed Sox10-expressing, vagal crest-derived 
neural crest cells migrating across the mesentery (Nishiyama et al., 2012). Earlier 
studies had suggested that enteric neural crest cells undergo rostrocaudal migration 
alone.  Nishiyama et al. suggest that both trans-mesenteric and rostrocaudal 
migration are important in normal ENS development (Nishiyama et al., 2012).  
A complex interplay of molecular signalling directs mesenteric migration 
of NCCs. Glial cell line-derived neurotrophic factor (GDNF) influences trans-
mesenteric migration of neural crest cells (Young et al., 2001). GDNF is a NCC 
chemoattractant promoting survival, proliferation and differentiation of these cells 
(Wallace and Burns, 2005; Uesaka et al., 2007; Nishiyama et al., 2012). Transciption 
factors Mash1, Phox2b and Sox10 and components of GDNF/RET and ET-3 
signalling pathways are crucial in ENS development (Gershon, 1998; Taraviras and 
Pachnis, 1999). Hedgehog and bone morphogenetic proteins (BMPs) facilitate NCC 
migration (Ramalho-Santos et al., 2000; Obermayr et al., 2013). Classic descriptions 
suggest vagal neural crest are the sole source of neurons in the ENS.  However, 
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observations in chick and mouse studies indicate that neural crest cells may also 
originate in lumbosacral neural crest.  From there these migrate across the mesentery 
to reach the distal hindgut (Erickson and Goins, 2000). 
 
Mesenteric contributions to development of the spleen   
Embryological precursors of the spleen originate in mesogastric 
mesenchyme (Schoenwolf et al., 2009). Within this region of mesentery, branches of 
the coeliac trunk provide arterial supply to the spleen and other foregut viscera 
(Chakraborty et al., 2014). The splenic primordium derives from a mesenchymal 
condensation of upper region mesentery (termed the dorsal mesogastrium). As the 
spleen differentiates, it migrates laterally along a similar trajectory to that of the 
stomach (between stages E9.5 and E10.5; Thieler staging system) (Schott et al., 
1998; Tanaka et al., 1999; Burn et al., 2008). Mesodermal inputs are important in 
coordinating this migration (Hecksher-Sørensen et al., 2004).  
81 
 
Murine studies indicate splenic and pancreatic mesenchyme share similar 
gene expression profiles during development.  This may relate to altered expression 
of Bapx1 , a homeobox gene. Asayesh et al. suggest that interactions between the 
developing pancreas and spleen are necessary for normal splenic development 
(Asayesh et al., 2006).  
 
Establishment of mesenteric asymmetry 
Mesenteric asymmetry refers to the loss of symmetry in the shape of the 
mesentery. Mesenteric asymmetry influences morphological changes in the 
mesentery (Savin et al., 2011; Klezovitch and Vasioukhin, 2013). Asymmetry is 
thought to contribute to an apparent rotation of the ascending mesocolon to the right 
side of the abdomen. Correct positioning of the mesocolon is required for subsequent 
attachment to the posterior abdominal wall. Failure of attachment may cause vascular 
compromise if the mesentery twists on itself.  
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The mesentery associated with the developing hindgut lateralizes to the left 
side of the embryo (Davis et al., 2008; Kurpios et al., 2008b). This process likely 
influences subsequent conformational changes in proximal mesentery. It has been 
suggested that impaired lateralisation of the mesentery impacts gut “rotation” 
(SNYDER and CHAFFIN, 1954).   
Lateralisation of the dorsal mesentery occurs due to changes in cellular 
architecture (Davis et al., 2008; Klezovitch and Vasioukhin, 2013). Lateralisation 
refers to the movement of the mesentery away from the midline. Changes in cellular 
adhesion, proliferation, migration and increased turnover of extracellular matrix  
(ECM) components generate mechanical forces that influence lateralisation in the 
dorsal mesentery (Klezovitch and Vasioukhin, 2013). The nodal family of proteins 
is a subset of the transforming growth factor beta (TGFβ) superfamily (Klezovitch 
and Vasioukhin, 2013). The nodal signalling pathway plays key roles in pattern 
formation, differentiation during gastrulation and pre-gastrulation stages of 
development (Davis et al., 2008; Saijoh et al., 2014). Specific targets of nodal 
signalling, including Pitx2, Tbx18 and Isl1 may influence lateralisation.  
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Lateralisation further depends on exclusive left-sided expression of N-cadherin, 
lefty1 and lefty2 (Kurpios et al., 2008a; Burn and Hill, 2009; Plageman et al., 2011). 
Cellular proliferation, driven by fibroblast growth factor 10 (FGF10), increases in the 
right half of the dorsal mesentery with concurrent mesodermal condensation in the 
left half of the mesentery (Saijoh et al., 2014). On the left side of the mesentery 
columnar cells form, while cuboidal morphology develops on the right. In 
combination, these events contribute to an early leftward tilt in the mesentery (Burn 
and Hill, 2009). Mesenteric lateralisation may influence subsequent morphological 
changes, such as coil formation, herniation into the base of the umbilical cord, and 
apparent (but not actual) rotation of midgut contents.  
 
Congenital anomalies and malformations 
As mesenteric tissues collectively function to maintain digestive organs in 
position, any appraisal of normal (or abnormal) mesenteric development requires 
consideration of mechanisms of its attachment. Mechanisms of attachment include 
the peritoneal reflection, Toldt’s fascia, and points of vascular connectivity. Impaired 
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development of any of these mechanisms may result in congenital abnormalities. 
Congenital abnormalities may therefore be broadly classified into abnormalities of 
(1) apparent rotation (2) mesenteric attachment (3) peritoneal reflection development 
(4) mesenteric tissue development.  
 
Rotation anomaly and malformations  
Conventional descriptions suggest the mesentery and intestine rotate 
through 270° anticlockwise. Failure of this to occur is termed malrotation. It is not 
known why this occurs (Martin and Shaw-Smith, 2010; McLin, 2010). It can lead to 
catastrophic necrosis of the intestine in neonates (O’Connell et al., 2015). Some 
authors have noted that the lower colic mesentery is underdeveloped in cases of 
malrotation (Cho et al., 2018). This observation has been noted by authors who have 
hypothesised that vascular events may influence the development of malrotation in 




Mesenteric abnormalities associated with intestinal atresia  
Intestinal atresia may occur at any region of intestine. Mesenteric anomalies 
typically occur with jejunal atresia (SANTULLI and BLANC, 1961). In classic 
“apple-peel” jejunal atresia, substantial intestinal coiling occurs in association with 
an underdeveloped mesentery. Mesenteric vascular events may lead to intestine 
atresia (SANTULLI and BLANC, 1961; Fairbanks et al., 2005). Investigation of the 
molecular basis of atresia has not yielded an underlying mechanism. However, 
abnormal expression of genes encoding fibroblast growth factor proteins and 
homeobox genes is linked with atresia (Fairbanks et al., 2005, 2006). 
 
Disorders of mesenteric attachment 
Volvulus is a disorder of mesenteric attachment. Volvulus refers to the 
twisting of mesentery and contiguous intestine, causing intestinal obstruction and 
ischaemia (Fisher, 1981). Volvulus typically occurs at the stomach, ascending colon 
or sigmoid colon. During normal development, the ascending colon apposes to the 
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posterior abdominal wall (Lampl et al., 2009). Failure of the mesocolon to become 
apposed results in caecal mobility. Excessive mobility increases the propensity of the 
associated region of intestine to twist in tandem. 
 
Congenital adhesions 
Congenital adhesions occur when two mesothelial surfaces appose each 
other for a prolonged period of time (Liakakos et al., 2001; Brüggmann et al., 2010). 
Adhesions occur late in foetal development and may be non-pathological. Typical 
locations of adhesions include the lateral aspect of the mesosigmoid, the right iliac 
fossa, and between the transverse colon and the dorsal aspect of the mesogastrium.  
 
Failure of transmesenteric neural crest migration  
In Hirschsprung's disease, parasympathetic ganglia are absent from the 
rectal wall. Ganglia are derived from neural crest cells (Sehgal and Coffey, 2014b). 
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When the intestine is in a hairpin shape, NCCs migrate across the mesentery as 
described above. Abnormalities in this process are associated with decreased 
formation of ganglia and hence deficient motility (Nishiyama et al., 2012).  
 
Abnormalities of splenic mesenchymal development 
Splenic anatomy varies considerably between individuals. Congenital 
variations of the spleen are common, and up to 10 percent of people may have an 
accessory spleen (Gayer et al., 2001). Congenital splenic abnormalities include 
asplenia (or splenic agenesis), polysplenia (multiple spleens) and right-sided spleen 
(i.e. retroduodenal position). It should be noted that variations of splenic position are 
also seen in situs inversus. However, this variation is typically concordant with the 
reversal of all viscera to the contralateral side. 
Splenic tissue forms through a process of mesenchymal condensation. 
During this process, previously dispersed mesenchymal cells coalesce and 
differentiate into splenic tissue. Accessory spleens may occur in mesoderm-derived 
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tissue (e.g. omentum and gonad) (Saffar Aneja et al., 2016; Gill et al., 2017). Several 
genes (including Nkx2-5, Pbx1, Wt1, Bapx1, Hox11, Barx1, Nkx2-5 and Tlx1 among 
others) are abnormally expressed in splenic malformations (Hecksher-Sørensen et 





Rationale of study 
Recent findings related to the nature of the mesentery explain several 
aspects of lower abdominal anatomy that were poorly understood.  Clarification of 
mesenteric anatomy distal to the duodenojejunal flexure also explained peritoneal 
and fascial anatomy at that level.  As a result, these findings are being rapidly 
assimilated into reference texts.  Given that the anatomical structure of the mesentery 
is now known to differ substantially from conventional teaching, this prompts 
investigation of mesenteric anatomy proximal to the duodenojejunal flexure and 
mesenteric development in general. It is feasible that mesenteric, peritoneal and 
fascial anatomy may be similarily clarified above the duodenal level.  If that held, 
then merging findings related to the mesentery above and below the duodenum could 






Aims and objectives 
This thesis aims to clarify the growth and form of the entire abdominal mesentery in 
the human.  
To achieve this, the following objectives were set: 
• To determine the shape of the mesentery during development.  
• To characterise anatomy of the mesentery from oesophagogastric junction to 











Application of three-dimensional modelling and printing to mesenteric anatomy: 





As in situ shape has implications for radiological, surgical and anatomical 
interpretations of abdominal anatomy, it is, therefore, important to determine 
mesenteric shape prior to disruption and excision.  Dissection of cadavers cannot 
accurately determine in situ shape for numerous reasons. Firstly, studies using 
cadavers are limited as they require disruption of tissues to access the abdomen. 
Secondly, detachment and disconnection of mesenteric tissues alter mesenteric shape 
and therefore in situ conformation cannot be accurately determined. Lastly, fixation 
solutions used for prosections permeate different tissues unevenly, resulting in 
irregular desiccation of tissues over time and thus altered conformation 
(Hohenberger, 2012).  
Radiological imaging offers the advantage of being able to overcome these 
limitations by visualizing the in situ conformation of tissues without disruption. 
However, a significant limitation of radiological imaging is the inability to 
discriminate tissues of similar densities (MALIK et al., 1992; Yoshizumi et al., 
1999). For example, mesenteric adipose tissue and fascia are contiguous, and the 
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boundary between them is difficult to characterize using radiological imaging. 
Recent advances in imaging technologies, such as micro-computed tomography and 
high-resolution magnetic resonance imaging, have not yet succeeded in imaging 
adipose tissue to a high level of detail (Jiang et al., 2000; Holdsworth and Thornton, 
2002; Batiste et al., 2004). Despite the direct relevance of in situ shape to radiological 
interpretations of mesenteric anatomy and pathology, no previous study has 
characterised in situ mesenteric anatomy from oesophagogastric junction to 
mesorectal level (Coffey et al., 2016a).  
Our current understanding of in situ mesenteric anatomy relies on radiological 
appraisals of the mesentery. Given structural complexity and poor resolution of 
adipose tissue on imaging, radiological appraisals are challenging to perform (Dodds 
et al., 1986). In 1982, Oliphant first suggested continuity between adult remnants of 
the dorsal mesentery and the posterior abdominal core (Oliphant and Berne, 1982). 
Following this, in 1986, Wiley Dodds commented that the classic model of the 
mesentery was not consistent with computed tomography-based appraisals of 
mesenteric anatomy (Dodds et al., 1986). Later, Tirkes et al. asserted that only 
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mobile parts of the intestines have a mesocolon (Tirkes et al., 2012). This 
interpretation reflects historical interpretations of mesenteric anatomy by Jean 
Zuléma Amussat (Amussat, 1839, 1842; Erichsen, 1857). The radiological 
appearance of the mesentery distal to the duodenojejunal flexure underwent 
reappraisal following recent scanning electron microscopic and anatomical studies 
of the mesentery (Culligan et al., 2012, 2014a; Coffey et al., 2016a). 
Recent advances in graphical modelling and three-dimensional printing have 
changed how anatomical concepts are communicated (Lewis et al., 2014; 
Mcmenamin et al., 2014; Yammine and Violato, 2015). Previously, teaching media 
were limited to two dimensions. More recently, three-dimensional technologies have 
become widely accessible to anatomy students and surgical trainees (Satava, 1993; 
Reidenberg and Laitman, 2002). It is therefore important that novel anatomical 
findings are translated to trainees and students using these media.  
Conventional anatomical, embryological and surgical textbooks rely on 
two-dimensional figures to convey complex concepts. Frequently, information is lost 
in this process to keep figures understandable and straightforward for students 
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(Crossingham et al., 2009). Furthermore, the reader is expected to interpolate shape 
changes between developmental stages. Current three-dimensional technologies 
offer the ideal means of communicating novel anatomical findings (McGhee, 2010).  
Multiple digital sculpting software programs have been studied for their use 
in the medical field (Costello et al., 2014; Mcmenamin et al., 2014). These 
technologies originated from the film and video game industries but have since been 
widely applied as teaching and research modalities in anatomy and surgery (Patnode, 
2012; Ma and Oikonomou, 2017). Examples of digital sculpting programs include 
ZBrush (Pixologic, Los Angeles, Unites States), Cinema 4D (Maxon Computer Ltd., 
Bedford, United Kingdom, Maya (Maya Digital Studios, Mumbai, India) and 
Blender (Buikslotermeerplein, Amsterdam, the Netherlands) (Brenton et al., 2007; 
Patnode, 2012; Brazina et al., 2014). With these technologies, it is possible to colour 
and highlight regions of interest. Furthermore, if two consequetive stages are 
compared, shape changed can by interpolated by an operator. Given this, it is also 
possible simulate growth and shape changes under such conditions. It is possible to 
perform boolean subtraction, a process that facilitates an unimpeded view of deep 
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structures (Roy, 2016; Lister, 2019). Furthermore, changes in shape and position can 
be captured from any angle. Multiple angles of view permit a comprehensive 
appreciation of three-dimensional shape as well as spatiotemporal changes (Prinz et 
al., 2005). 
Three-dimensional (3D) printing is an emergent technology that can produce 
accurate representations of normal and abnormal anatomy (Costello et al., 2014; 
Mcmenamin et al., 2014; Vaccarezza and Papa, 2014; Sun and Li, 2018). More 
recently, surgeons have used 3D printing in the perioperative setting to aid in pre-
operative planning (Ploch et al., 2016; Zheng et al., 2016). These models are 
typically generated from radiological scans (Coffey et al., 2016a). With the 
increasing availability of 3D printers in anatomy and surgical departments, it is now 
possible to make educational models open source and therefore communicate 
physical models to the broader scientific and clinical communities.  
In a recent study, Coffey et al. advanced our current understanding of in situ 
mesenteric anatomy distal to the duodenojejunal flexure (Coffey et al., 2016a). Using 
the FDA-approved OsiriX© software, Coffey et al. overcame the above-mentioned 
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limitations of dissection in determining in situ shape. This study identified aspects of 
in situ human mesenteric anatomy that would not have been apparent using dissection 
alone. These include the curvature of the small intestinal mesentery, where this 
continues laterally as the ascending mesocolon, the shape of the mesentery at 
flexures, and the shape of the mesosigmoid before mobilisation. A reference atlas of 
normal and variant mesenteric anatomy as well as a corresponding digital model was 
generated using the full-colour datasets of the U.S. visible human project. In addition, 
specialist radiologists appraised images from seventy-one normal abdominopelvic 
CT scans. Finally, the authors correlated findings from VHP reconstructions and 
radiological appraisal with histological sections from corresponding regions of the 
mesentery. These data indicate that the mesentery distal to the duodenojejunal flexure 
remained “extraretroperitoneal” (Coffey et al., 2016a). Given the potential of the 
above technologies, the aim of this chapter was to apply them in generating 
reconstructions of the in situ human mesentery. This chapter outlines the techiques 
used throughtout the rest of this thesis. An appraisal of mesenteric embryology and 





Development of the techniques described in this chapter was performed as 
part of a project approved by a local ethics committee. Approval was obtained from 
the research ethics committee at University of Limerick, Limerick, Ireland. Ethical 
approval for data received from international collaborators was obtained from their 
respective local research ethics committees. An overview of the datasets obtained, 
and an appraisal of the methodology used by each project (i.e. U.S. visible human 
project, Korean visible human project, Chinese visible human project) is outlined in 
supplemental material (Spitzer and Whitlock, 1998; Zhang et al., 2004, 2006; Park 
et al., 2006).  
 
Hardware specifications and software used 
Image processing and rendering were performed on an Apple (Apple Inc., 
Cupertino, California, United States) Mac Pro 5,1 workstation with the following 
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specifications: Mac OS X Lion (v10.7.5) operating system, 2 x 6-Core Intel Xeon 
2.4GHz) processors, 20GB 1333MHz DDR3 RAM and an ATI Radeon HD 5770 
1024 MB graphics card. A graphics tablet and pen (UG-1910B Graphic Tablet 
Monitor; UGEE, Guangzhou, China) were used to trace structures with a high degree 
of accuracy. Previous studies have demonstrated the reproducibility and validity of 
tracing structures on cross-sectional images (De Bakker et al., 2016; Hikspoors et al., 
2017, 2019).  
A databank containing all datasets received was established and maintained 
throughout this project, allowing for contemporaneous backup of new segmentation 
data. This was stored on an external hard-drive and subsequently mounted onto a 
solid-state drive to enable high-speed accession of images within the TramEM2 
platform.  
A suite of computing software was used in the chapter. Image processing was 
performed in Adobe Lightroom (version 8.1). Histogram adjustment, including 
adjustments in brightness, contrast and sharpness were applied to the entire stack in 
a standardised manner. Following these adjustments, images were imported as 
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ordered image sequences in the ImageJ2 (U. S. National Institutes of Health, 
Bethesda, USA) and TrakEM2 software platform (Cardona, 2006). A detailed 
description of image processing techniques is included in the following sections 
(Figure 2.1). 
 




Modelling and rendering of three-dimensional data 
Although the visible human project datasets provide visual cross-sectional 
data spanning the entire abdomen, they cannot be easily processed to produce three-
dimensional structures. Currently, no technology exists that can reliably identify 
anatomical structures from cross-sectional datasets, and as such human input is 
required to identify these structures. Identification of structures was performed using 
a graphical pad interface. A combination of manual tracing in combination with a 
threshold-based approach was used. Reconstruction of developing structures was 
divided into several steps: preprocessing of images, identification and tracing of 
regional anatomy, reconstruction, and post-processing. The following sections detail 
these steps.  
 
Image pre-processing of cross-sectional photographs  
Although the presence of colour offered significant advantages over grayscale 
radiological images, differentiation between abdominal adipose tissue and fascia 
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remained difficult. To overcome this challenge, several preprocessing techniques 
were used to improve the visual identification of structures. Brightness, contrast and 
sharpness modifications were performed within the Adobe Lightroom platform 
(version 8.1, Adobe®, San Jose, California, United States). Due to limitations in 
computer random access memory (RAM) size, images were resized to 300 dots per 
inch and cropped to fit a maximum of 1 megabyte per cross-sectional image. Images 
were divided into red-green-blue channels at 32 bits per channel. The specifications 
(pixel size, dots per inch, quality and channel properties) were standardised across 
all datasets. 
To further accentuate the visual difference between adipose tissue and fascia, 
an image processing technique called adaptive histogram equalisation was used 
(Pizer et al., 1987; Kim et al., 1998; Stark, 2000). This technique offered the ability 
to compute several histograms, each corresponding to a different region of an image. 
These histograms are then used to redistribute the lightness values of the image. In 
effect, this process enabled selective darkening of the visual appearance of fascia in 
order to enhance the definition of both fascia and adjacent adipose tissue. However, 
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as adaptive histogram equalisation failed to sufficiently enhance the appearance of 
fascia, a variant on this technique called contrast limited adaptive histogram 
equalisation was used (Kim et al., 1998).  
 
Reconstruction into three-dimensional objects 
To perform reconstructions that were representative of in situ shape, image 
analysis software (ImageJ2 v1.50e, NIH, US) rendered three-dimensional models 
from cross-sectional images. Within the ImageJ2 platform, the TrakEM2 plugin was 
used to generate three-dimensional polygon shapes (Cardona, 2006; Wang et al., 
2015).  Reconstruction of cross-sectional images into three-dimensional structures 
required both registration and segmentation of images. Segmentation refers to the 
tracing of anatomical structures on cross-sectional images. Registration refers to the 
alignment of cross-sectional images against each other in a virtual space. In sections 
where misalignment of images occurred, manual alignment was performed using the 
alignment rods placed around the cadaver (see supplementary material). A key step 
in this process was the determination of voxel height (i.e. the space between cross-
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sectional images in the virtual space). The voxel height was calculated using the 
following formula: 
 
Reconstruction of the mesentery, in a manner representative of its in situ 
conformation, enabled examination of the spatial organisation of the mesentery. An 
appreciation of the spatial organisation of the mesentery was best achieved by 
viewing the mesentery anteriorly while removing structures one-by-one, then 
repeating the process from a posterior view. To inspect each region of the mesentery, 
a composite model of the mesentery and all abdominal digestive organs was first 
generated. Next, structures were then removed from the field of view. This approach 




Post-processing of three-dimensional reconstructions  
To aid in the communication of findings, post-processing of polygon meshes 
was performed as previously described (Peirce et al., 2014). Modelling was 
performed in a knowledge-driven manner, based on prior appearances of the 
mesentery in cadavers before excision. Knowledge-driven modelling, as previously 
described by De Bakker et al., refers to the modification of a rendered shape based 
upon its known appearance (De Bakker et al. 2016). For example, most modelling 
programs generate voxels are squares. In a tubular structure, such as the primitive 
gut, these square edges are modified to produce a smooth cylinder-like structure. 
Whilst there is potential for bias in the person performing the modelling, this 
modelling process functions to  eliminate artefact based on prior obersations. Position 
and relational anatomy were not altered during the modelling process. Initially, all 
polygon meshes were imported into Cinema4D and aligned to a reference anatomical 
landmark (the mesenteric hilum). Once a composite model was generated, individual 
meshes were exported from the TrakEM2 platform. Meshes were selectively 
exported to ZBrush (version 3.5 R3; Pixologic, California, USA) for further 
modelling. ZBrush enabled each region of mesentery and associated structures to be 
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modeled according to their in vivo appearance. Once all components of the composite 
model were modelled, they were collated in Cinema4D. Three-dimensional 
exploratory videos were rendered. Models were also uploaded to the Sketchfab 
website (Sketchfab, Broadway, Ste 501. New York, US). Where overlapping regions 
of mesentery obscured a clear view of the mesentery, individual regions of the 
mesentery were removed from the reconstructed model. To further aid in the 
identification of continuity, a phased animation was generated where each region of 
mesentery was visualised alongside a contiguous region of mesentery. 
 
Preparation of embryological and foetal reconstructions  
Within the ImageJ platform (ImageJ2 v2.0, NIH, Bethesda, US) models 
were scaled to their original size using data from original whole slide digital images. 
This process meant that measurements made within ImageJ2 (in pixels) were 
convented to measuresment of actual size. This facilitated the printing of models as 
sizes relative to each other. The ImageJ2 plugin, TrakEM2, generated polygon 
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meshes in the .obj form which could then be exported to Cinema4D and zBrush. Post-
processing of data were performed. 
 
Preparation and printing of anatomical and developmental models  
3D printing was performed on the following models: PMO endpoint model, 
developmental time points of PMO, as well as embryological and foetal timepoints. 
3D files (.obj, .stl) were prepared and optimised for printing in the Cinema4D R20 
and Zbrush platforms. Two 3D printers were used to print small-scale (Ultimaker 2, 
Ultimaker, Geldermalsen, Netherlands) and large-scale (Raise3d, Pro2 Plus, Irvine, 
CA, USA) models. For large-scale models, a suitably-sized thermoplastic (Polylactic 
acid, sized 1.75mm) generated 3D models. The printed layer height in large models 
was 0.2mm with an infill density of 15%. For small-scale models, polylactic acid 
(2.85mm) at a printing height of 0.2mm and an infill density of 10% was used. 
Downloadable files were added to an online repository to allow the broader scientific 
community to download and print their models to any scale. To make silicone 
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models, a mould was made using the above 3D printers. Following this, silicone was 






Using the above software and modelling processes, three-dimensional virtual 
and physical models were generated. These included (i) a three-dimensional model 
of mesenteric anatomy depicting in situ shape generated using cross-sectional 
datasets (Figure 2. 2, Figure 2. 3)  (ii) three-dimensional models depicting the 
foundation shape of the mesentery attained during development (iii) sequential 
models representing processes occurring during development of the mesentery (iv) a 
teaching model to convey mesenteric continuity from oesophagogastric junction to 
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Figure 2. 2 3D reconstruction depicting in situ mesentery before modelling process. 
(a) Digitally rendered photograph of mesentery. Anterior view of composite digital 
model of the mesentery. (b) Digitally rendered photograph of mesentery. Posterior 
view of digital model of the mesentery. (c) Digitally rendered photograph of 
mesentery. Left lateral view of the digital model of mesentery. (d) Digitally rendered 






















Figure 2. 3 Digitally rendered images of mesentery before and after modelling 
process. 
(a) Digitally rendered photograph of mesentery. Posterior view of mesentery and 
intestine before modelling process. (b) Digitally rendered photograph of mesentery. 
Posterior view of mesentery and intestine after modelling process. Red line indicates 
lower region of mesentery. Blue indicates mid-region of mesentery. Green indicates 
upper region of mesentery (c) Digitally rendered photograph of mesentery. Anterior 
view of intestine and mesentery before modelling process. (d) Digitally rendered 
photograph of mesentery. Anterior view of mesentery (with omental region removed 
from view) and intestine after modelling process.  
 
 
Characterisation of appearance of in situ mesentery 
A single mesenteric frame, to which all abdominal digestive organs were 
directly connected, was apparent. The mesentery was closely associated with the 
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posterior abdominal wall and the interface between them could be identified (Figure 
2.2). The presence of continuity extending through different regions of the 
mesentery, from oesophagogastric junction to the distal mesorectum, was 
determined. Analysis of cross-sections did not identify fragmentation or 
discontinuity at any region of the mesentery (Figure 2.5). To further confirm 
continuity, reconstructions were generated using cross-sectional images. 
Reconstruction enabled direct visualisation of anatomical continuity from 
oesophagogastric junction to mesorectal level.  
Examination of models depicting in situ mesentery demonstrated that the 
mesentery was continuous from oesophagogastric to anorectal junction (Figure 2.6).  
At its terminal ends, the mesentery narrowed.  In between, it fanned out and spanned 
all abdominal digestive organs.  The posterior surface was broad and smooth.   The 
anterior surface was more complex.  Three regions were apparent - the upper, central 
and lower regions (Figure 2.5).  The upper region of mesentery comprised 
mesogastrium, mesoduodenum and greater omentum.  The lower region comprised 
small intestinal mesentery, right, transverse and descending mesocolon, 
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mesosigmoid and mesorectum.   A central region joined upper and lower regions.  At 
the central region, the mesentery appeared to coil around the superior mesenteric 
artery passing from the right side of the artery, to posterior and then to the left side 
of the artery.  
 
Spatial organisation of mesentery and associated structures 
When viewed anteriorly, the greater omentum obscured small intestine and 
mesocolon. By removing the greater omentum from the field of view, the small 
intestine and contiguous small intestine mesentery could be identified (Figure 2.6). 
Also, the continuity of the small intestine mesentery and ascending mesocolon at the 
ileocaecal confluence could also be identified. Removal of the mesocolon provided 
an unimpeded view of the pancreas. The remaining regions of the mesentery distal 
to the duodenojejunal flexure (descending mesocolon, mesosigmoid and 
mesorectum) could also be visualised.  
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From a posterior view, the anatomical organisation of the upper, mid-, and 
lower regions was apparent. To the left of the midline, the superior limit of the 
descending mesocolon (i.e. the left colic flexure) was at the lower limit of the 
posterior wall of the omental bursa. To the right of the midline, the posterior surface 








Figure 2. 4 Cross-sectional appearance of mesentery across datasets from Chinese, 
U.S. and Korean visible human projects. 
(a) Photograph of cross-sectional image from CVH1 dataset showing interface 
between mesentery and posterior abdominal wall. (b) Photograph of cross-sectional 
image from CVH2 dataset showing interface between mesentery and posterior 
abdominal wall. (c) Photograph of cross-sectional image from AVH1 dataset 
showing interface between mesentery and posterior abdominal wall. (d) Photograph 
of cross-sectional image from KH1 dataset showing interface between mesentery and 
posterior abdominal wall. Red line indicates interface between mesentery and 
posterior abdominal wall. CVH = Chinese visible human dataset, AVH = U.S. visible 





Figure 2.5. Cross-sectional appearance of mesenteric regions. 
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Figure 2. 5 Cross-sectional appearance of mesenteric regions. 
 (a) Photograph of cross-sectional image from CVH1 dataset showing ventral 
mesogastrium. (b) Photograph of cross-sectional image from CVH1 dataset showing 
dorsal mesogastrium. (c) Photograph of cross-sectional image from CVH1 dataset 
showing central zone. (d) Photograph of cross-sectional image from CVH1 dataset 
showing mesoduodenum (containing pancreas). (e) Photograph of cross-sectional 
image from CVH1 dataset showing small intestine mesenteric region. (f) Photograph 
of cross-sectional image from CVH1 dataset showing ascending mesocolon. (g) 
Photograph of cross-sectional image from CVH1 dataset showing descending 
mesocolon. (h) Photograph of cross-sectional image from CVH1 dataset showing 
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Figure 2. 6 Regional anatomy of a model depicting in situ conformation of mesentery. 
 (a) Digital render of mesentery reconstructed from cross-sectional images. Anterior 
view of upper region of mesentery showing the upper region of mesentery. (b) Digital 
render of mesentery reconstructed from cross-sectional images. Anterior view of 
ventral region of mesentery with mesoduodenum only in view. (c) Digital render of 
mesentery reconstructed from cross-sectional images. Anterior view of root region 
demonstrating continuity between mesoduodenal and small intestine mesenteric 
regions. (d) Digital render of mesentery reconstructed from cross-sectional images. 
Posterior view with mesocolon removed from view (e) Digital render of mesentery 
reconstructed from cross-sectional images. Posterior view with mesocolon included. 
(f) Digital render of mesentery reconstructed from cross-sectional images. Anterior 




3D printing of mesentery at different stages of development  
A series of 3D printed models were made of successive Carnegie stages (see 
supplementary results – Atlas of the mesentery). Models were printed using a relative 
scale and, where possible, sufficiently large models (>1cm) were printed to scale. 
This enabled an appraisal of relative growth as well as absolute size.  
A model representing the endpoint of PMO was printed (Figure 2.7). Using 
this model, the helical shape of the root region could be visualised. Models depicting 








(Left lateral view) (Right lateral view) 
(Left anterolateral view) 
Upper region 
(bursa) 
Cavity of upper 
region 
Spleen 








Figure 2. 7 Three-dimensional printed endpoint of primary mesenteric 
organogenesis. 
(a) Photograph of 3D-printed model of mesentery representing endpoint of PMO. 
Posterior view of endpoint model showing upper mid- and lower regions of 
mesentery. (b) Photograph of 3D-printed model of mesentery representing endpoint 
of PMO. Anterior view of model with Boolean subtraction performed through 
omental bursa. (c) Photograph of 3D-printed model of mesentery representing 
endpoint of PMO. Anterolateral view of the left side of the model with aperture 
visualised through region where Boolean subtraction was performed. (d) Photograph 
of 3D-printed model of mesentery representing endpoint of PMO. Postero-lateral 




Figure 2. 8 3D printed models depicting the morphological changes occurring during 
development (posterior view). 
 (a) Photograph of 3D-printed model of mesentery representing endpoint of PMO. 
Printed model depicting the endpoint of development. (b) Photograph of 3D-printed 
model of mesentery showing reversal of omental bursa growth (c) Photograph of 3D-
printed model of mesentery representing unfolding of central region with ridge in 
view. (d) Photograph of 3D-printed model of mesentery demonstrating unfolded 
laminar sheet. (e) Photograph of 3D-printed model of mesentery demonstrating 












Generation of 3D-printed teaching model of adult mesenteric anatomy 
A final model was generated and printed to convey anatomical concepts 
(Figure 2.9). This model demonstrated a continuous mesentery from 
oesophagogastric junction to mesorectal level. A model of intestine was included in 
contiguity with the mesenteric frame. All abdominal digestive organs were also 
printed, and silicone moulds were subsequently produced. This process allowed all 
abdominal digestive organs to be arranged in contiguity with the mesenteric frame 
(Figure 2.10). A container, representing regions of posterior abdominal wall in 
apposition with the mesentery, was also printed. This demonstrates the in situ 
arrangement of the mesentery and abdominal organs and allows the viewer to inspect 
the distribution of fascia.  
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Figure 2. 9 Teaching model of mesentery demonstrating continuity from 
oesophagogastric junction to mesorectal junction and contiguity with abdominal 
digestive organs. 





Figure 2. 10 Mesentery with abdominal digestive system components in contiguity 
with mesenteric frame. 
 (a) Photograph of 3D-printed model of mesentery. Anterior close-up of root region. 
(b) Photograph of 3D-printed model of mesentery. Anterior view of root region with 
mould of pancreas included. (c) Photograph of 3D-printed model of mesentery with 
duodenum and pancreas. Posterior view of mesoduodenal region with duodenum and 
pancreas in view. (d) Photograph of 3D-printed model of mesentery, pancreas and 
spleen. Anterior view of the central region with pancreas and spleen in view. (e) 
 
         Central zone 
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Photograph of 3D-printed model of mesentery, pancreas and spleen. Anterolateral 
view with pancreas, spleen and aperture of the omental bursa in view. (f) Photograph 
of 3D-printed model of mesentery, pancreas and spleen. Posterolateral view of 




 Conventional dissection techniques disrupt the shape of the mesentery. As a 
result, the in situ shape of the abdominal mesentery has remained unclear. This is 
despite clinical relevance of in situ anatomy to surgical practice and radiological 
interpretations of the abdomen. In this chapter, 3D reconstructions represenenting in 
situ shape and printed models of the mesentery during development and in adulthood 
were generated.  
Depictions of mesenteric developmental process have conventionally been 
communicated using textual descriptions and figures. One of the earliest examples is 
the depiction of mesenteric developmental stages by Karl Toldt (Toldt, 1879; TOB, 
1944; Coffey and Kiran, 2017). Although these depictions were advanced for the 
time, they relied on the reader to interpolate shape changes between figures. Recent 
communication of mesenteric anatomy in three-dimensions has aided in the 
communication of difficult concepts (Brenton et al., 2007; Brazina et al., 2014). 
Application of three-dimensional technologies to mesenteric anatomy may explain 
the rapid integration of such concepts in leading textbooks such as Langman’s 
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Medical Embryology and Gray’s Anatomy (Sadler, 1988; Horan, 2009). In the current 
chapter, a model that overcomes these limitations was produced.  
Peirce et al. first applied digital sculpting techniques to simulate mobilisation 
of the mesocolon (Peirce et al., 2014). This approach enabled a high-resolution and 
three-dimensional view of mesenteric anatomy. In the current chapter, a similar 
approach that successfully demonstrated mesenteric shape was used. The use of 
sculpting, sectioning and colouring allow structures to be readily identified. This 
process may be particularly useful to novices (e.g. undergraduate students) in the 
field. A clarified insight into the processes involved in mesenteric development is 
also gained from this process.  
The findings of this chapter permit direct comparison with previous 
anatomical studies. Coffey et al. previously characterised in situ shape of the 
mesentery distal to the duodenojejunal flexure following its reappraisal in 2012 
(Culligan et al., 2012; Coffey et al., 2016a). Although the current chapter used 
different reconstruction software and techniques, the findings correlated with 
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previous observations made using both cross-sectional datasets and radiological 
datasets.  
The approach used in this chapter has limitations. For example, it is not 
possible to investigate mechanisms of attachment using cross-sectional datasets. 
However, it is possible to confirm apposition with Toldt’s fascia and infer that the 
region in question is attached based off prior observations. Another technical 
challenge of this chapter was the printing of thin and delicate structures. For this 
reason, certain regions of the mesentery were modified to generate stable models. In 
particular, this was required for small models. This process may lead to interpretative 
bias. For example, where the upper region of mesentery narrowed to an apex 
measured less than one millimetre in early developmental models. To counter the 
potential for this region being unstable on printing, the size of these regions was 
adjusted to a minimum of one millimetre in diameter. However, we also printed 
models that were at a very large scale. This enabled us to print representative models 
without the need to alter their shape. Future advances in 3D printing technology may 
yield alternative solutions (Lee Ventola, 2014; Chiulan et al., 2018).  
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There are also certain limtations to the use of whole-cadaver datasets from the 
visible human project datasets from respective U.S, Korean and Chinese projects. 
For example, the freezing process has been noted to cause expansion of some 
structures, including the brain, and similarly this could apply to the mesentery. In 
certain cases blood vessels were difficult to visualise or entirely collapsed. This may 
have altered the appearance of shape in reconstructions. Visualisation of fascia was 
challenging, however this discussed elsewhere in detail (Appenix A: Supplemental 
material). Lastly, cadavers had structural evidence of pathologies, including 
diverticulitis and cardiovascular disease. Notwithstanding, these pathologies were 
unlikely to have heavily influenced the overall appearance of the mesentery. 
Recently, 3D printing has been used as an educational modality in anatomy. 
Other research groups have demonstrated that the use of 3D printing in anatomy 
improves students understanding and retention (Preece et al., 2013; Javan et al., 
2016). A major advantage of 3D printing is the ability to rapidly disseminate 3D 
models to an international audience (Mcmenamin et al., 2014). For these reasons, 3D 
printed models are now becoming integrated into anatomical undergraduate modules 
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and curricula (Smith et al., 2018; Su et al., 2018). Although a formal qualitative or 
pedagogic assessment of mesenteric models was outside of the remit of this chapter, 
these models may be used as aids in teaching mesenteric anatomy and embryology 
to students. Another key application of these models is surgical simulation. Recent 
advances in biomaterials enable anatomical models to closely represent the texture 
and consistency of in vivo structures (Cheung et al., 2014; Costello et al., 2014). It 
may, therefore, be possible to produce a high-fidelity simulation model of abdominal 
anatomy using the above models. 
This chapter has appraised the in situ shape of the mesentery and its 
relationship with the abdominal digestive system using representative models. 
Findings from the current chapter contributes to radiological interpretations of the 
mesentery proximal to the duodenojejunal flexure. Furthermore, as 3D printers 
become more widely accessible, models generated from this project will provide an 
economical and rapid means of communicating these findings to the research, 
clinical, and educational community in a physical format. These models also obviate 
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interpolation between pictorial figures of developmental stages, and as such, the 








Chapter 3:  





Bill Heald developed total mesorectal excision (TME), a technique that 
emphasises following anatomical planes formed during embryological development. 
(Heald, 1988; Santiago et al., 2016; Calvin Coffey et al., 2017). Later, Hohenberger 
adopted an anatomical and embryological approach in developing the technique of 
complete mesocolic excision (CME) (Hohenberger et al., 2009; West et al., 2010). 
Both TME and CME involve dissection along planes laid down during development 
(Sehgal and Coffey, 2014a; Coffey et al., 2015b). Both approaches are mesenteric 
based and lead to better oncologic outcomes compared with those after non-
mesenteric surgery, often referred to as “conventional” surgery (Nagtegaal et al., 
2002; Kiss et al., 2011). More recently, other investigators have adapted mesenteric-
based approaches during surgery on the stomach and oesophagus (Zheng et al., 2013; 
Hwang et al., 2014; Cuesta et al., 2015; Kurokawa et al., 2018). As the mesentery 
maintains abdominal digestive organs in position and systematic continuity, it is 
feasible that all visceral surgery may be conducted based on mesenteric principles.  
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For over 150 years, the classic model of the mesentery provided the endpoint 
for related developmental theories (Sehgal and Coffey, 2014b; Byrnes et al., 2019b). 
Theories on development aimed to reconcile the embryological mesentery (i.e. a 
continuous mesentery) with the conventional model of mesenteric anatomy (Halford, 
1859; TOB, 1944). Two theories of development were proposed: the theories of 
sliding and regression (Soffers et al., 2015; Coffey and O’Leary, 2016a). The sliding 
theory proposed that once the left and ascending colon reach their adult position, 
associated regions of mesentery slide laterally (Rigoard et al., 2009b). As a result, 
medial regions of the posterior abdominal wall are devoid of mesentery. By contrast, 
the regression theory proposed that the left and ascending mesocolon regress toward 
the midline once the colon reaches its final position (Barussaud et al., 2015). Neither 
theory gained acceptance. Notwithstanding, many current textbooks state the right 
and descending mesocolon “disappear” (or become vestigial) in the final stage of 
mesenteric development (Stevens, 2006; Carlson, 2009; Nathan and Scobell, 2012; 
Calvin Coffey et al., 2017).  
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Investigation of mesenteric development poses several challenges. Firstly, as 
mesenteric shape differs across species, investigation of human development requires 
examination of human embryos (Nagai, 2003; Murray and García-Arrarás, 2004). 
Secondly, human specimens are difficult to acquire, and usage of these requires 
rigorous ethical governance. It is possible to overcome these limitations by re-
examining historic collections of embryos (O’Rahilly, 1973). Advances in image 
processing techniques and graphical software enable the three-dimensional 
reconstruction of developing structures (De Bakker et al., 2016). Using these 
techniques, this study aimed to determine the shape of the mesentery and associated 
structures during development. Another aim of this work was to produce a time-lapse 





Ethical approval  
Approval for this study was obtained from a local research ethics committee 
(University of Limerick, Limerick, Ireland). Data received from international 
collaborators were approved from respective research ethics committees.  
 
Hardware specifications and software used 
Image processing and rendering were performed on an Apple (Apple Inc., 
Cupertino, California, United States) Mac Pro 5.1 workstation with the following 
specifications: Mac OS X Lion (v10.7.5) operating system, 2 x 6-Core Intel Xeon 
(2.4GHz) processors, 20GB 1333MHz DDR3 RAM and an ATI Radeon HD 5770 
1024 MB graphics card. A graphics tablet and pen (UG-1910B Graphic Tablet 
Monitor; UGEE, Guangzhou, China) were used to trace structures manually. A suite 
of computing software was used in the study protocol (Supplemental material – Atlas 
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of the mesentery). A detailed description of how each software was used is outlined 
in the following sections.  
 
Acquisition of Datasets 
Histologically sectioned embryos and foetuses included in this study were 
histological datasets that had been digitized by host institutions. The following 
collections were used: the Carnegie Collection (Silver Spring, USA), University of 
Amsterdam (Netherlands), Leiden University (Netherlands) and Universität 
Autònoma de Barcelona (Barcelona). Digitized sections from serial histological 
sections of a series of 10 embryonic stages were used. These spanned the second 
month of development (Carnegie stages 12 to 23). Digitized sections from foetal 
specimens spanning from 8 weeks post-fertilisation to full term were also used. 






















Transverse  15 
14 1109 6.7 Indeterminable Zenker's 
fixative 
Haematoxylin 
and eosin  
Transverse 10 























19 980 17.0 Male  Formalin Azan and 
silver 
Transverse 15  








22 2090 28 Male Formalin Haematoxylin 
and Eosin 
Transverse 10 
23 2151 31 Male  Formalin Azan Transverse 12 
Table 3. 1 Overview of digitized datasets of embryos used in study. All embryos were 






Collection Sex Fixation medium Staining Section 
plane 
9 weeks LUMC Male Formalin Haematoxylin and Eosin Transverse  
9.5 week LUMC Male Formalin Haematoxylin and Eosin Transverse 
10 weeks AMC Male Formalin Haematoxylin and Eosin Transverse 
Full term C-VHP Male Frozen  None Transverse 
Table 3. 2 Overview of digitized datasets of foetuses used in study. 
 
Whole slide digitisation & databank generation 
A local databank, which stored all digitized datasets collected from 
international institutions, was established to maintain legacy storage of data. These 
data were stored on an external hard-drive and subsequently mounted onto a solid-





Reconstruction methodology  
To generate 3D models depicting developing structures, section data were 
processed and reconstructed using a novel 4-step methodology as follows (see Figure 
3.1): 
• Step 1: Digital alignment of sections 
• Step 2: Tracing of structures and outlines 
• Step 3: Generation of polygon meshes and knowledge-driven modelling 





Figure 3. 1 Overview of methodology. 
 
Step 1: Digital alignment of sections 
Individual slides were imported into the ImageJ2 platform as an ordered 
image sequence (i.e. a virtual stack of serial sections). The voxel height (i.e. space 
between sections) and total stack height were adjusted to the crown-rump length of 
each specimen. As each section was manually mounted onto individual slides, the 
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alignment of each section relative to the next was lost. To restore alignment within 
in the stack, alignment was automated in the ImageJ2 platform (Wang et al., 2014, 
2015). Automation was achieved using the registration plugin (“register virtual 
stack”; ImageJ2). A rigid feature extraction model and a rigid (translate and rotate) 
registration model were used. Further detail about this approach is extensively 
described in the ImageJ user manual (Saalfeld, 2019). Post-alignment quality checks 
were performed, and manual alignment using the transform (affine) function within 
TrakEM2 was used. For this step, the sagittal plane of the specimen was visually 
compared to exterior photographs of specimens prior to sectioning (or staged-
matched images when unavailable) to ensure alignment. Where artefacts were 
identified, manual alignment was guided by original photographic images. For 
example, the spinal curvature was frequently missed by the automated process and 





Step 2: Tracing of structures and outlines 
The outline of structures was manually traced using a graphics tablet and pen 
(UG-1910B Graphic Tablet Monitor; UGEE, Guangzhou, China). Manual tracing 
with a threshold-based approach was used. This technique is extensively described 
in the ImageJ user manual (Saalfeld, 2019). In some cases, where a clear boundary 
between structures was seen (e.g. mesentery and peritoneal cavity), a threshold-based 
approach to tracing areas was used alone. To ensure that correct areas were identified 
and traced, an independent analysis of traced areas was performed by internal 
reviewers with experience in histological interpretation. 
To improve the identification of structures on histological sections, image pre-
processing techniques were used. Brightness, contrast and sharpness modifications 
were first applied using Adobe Lightroom (v6.0, Adobe, San Jose, California, US) 
platform. Due to limitations in computer random access memory (RAM) size, images 
were resized to 300 dots per inch resolution and cropped to fit a maximum of 1 
megabyte per cross-sectional image. Images were divided into red-green-blue 
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channels at 32 bits per channel. Pixel size, dots per inch, quality and channel 
properties were standardised across datasets. 
To aid interpretation of historical digital sections, an image processing 
technique termed ‘adaptive histogram equalisation’ was used. This technique enables 
the software operator to compute several histograms, each corresponding to a 
different region of a histological section. These histograms were then used to 
redistribute the lightness values of the image. This enabled the program operator to 
darken the visual appearance of certain structures. A comprehensive description is 
included in the ImageJ user manual (Saalfeld, 2019).  
 
Step 3: Generation of polygon meshes and knowledge-driven modelling 
In step 3 of the workflow, TrakEM2 polygon meshes (in.obj file format) were 
created from data generated in steps one and two. The “set scale” function in ImageJ2 
was used in conjunction with the original scale data from histological sections to 
ensure models were appropriately scaled. Next, data were processed through a suite 
of modelling programs. Modelling was conducted in a knowledge-driven manner, 
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whereby artefacts (e.g. disruption of tissues during preparation) observed post-
reconstruction could be removed.  
Initially, all polygon meshes were imported into Cinema4D and aligned to a 
reference anatomical landmark (the mesenteric hilum). Once a composite model was 
generated from individual meshes, the meshes were selectively exported to ZBrush 
(v3.5 R3; Pixologic, California, USA) for modelling. ZBrush enabled each three 
dimensional regions of interest to be highlighted and coloured. After all components 
of the composite model were modelled, they were collated in the Cinema4D platform 





Figure 3. 2 Three-dimensional depiction of intestinal model generated from 
histological sections at different levels. 
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(a) Representative histological section inserted three-dimensionally at level of 
reconstructed stomach. (b, c) Representative histological section inserted three-
dimensionally at level of reconstructed midgut. (d) Representative histological 
section inserted three-dimensionally at level of reconstructed rectum. 
 
Step 4: Dynamic modelling 
In step 4 of the workflow, dynamic modelling was performed to generate a 
spatial and temporal model of developing structures. Currently, numerous factors 
preclude in vivo visualisation of human morphogenesis, including limitations of in 
utero imaging and ethical restrictions on in vitro experimentation. To overcome this 
challenge, a novel approach which used reconstruction data from consecutive-stage 
specimens were developed. Generation of a dynamic model of mesenteric 
development was made possible by inputting spatial and temporal data points from 
individual specimens (Figure 3.2a-d). This approach represents an advance on 
recently described techniques by using knowledge-driven modelling to manually 
interpolate shape changes between developmental stages (Soffers et al., 2015; De 
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Bakker et al., 2016; Hikspoors et al., 2017). In effect, this process generated a 
temporal model of best fit.  
 
Development of open-access repository “Atlas of the mesentery” 
A repository of reconstructions and videos was developed and termed “Atlas 
of the Mesentery, ”(see supplemental results – Atlas of the mesentery).  Models were 
also uploaded to the Sketchfab website (Sketchfab, Broadway, Ste 501. New York, 
US). This platform allowed access via virtual reality and augmented reality headsets.  
 
Results 
Mesenteric morphology during embryological and foetal development 
The abdominal mesentery and digestive organs were reconstructed at 
several stages during development. In each reconstruction the mesentery was 
coloured yellow. This aided in identifying surfaces that are difficult to differentiate 
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if translucent. Each reconstruction was compared with an equivalent stage model 
from an alternative data set (where available from open-source De Bakker datasets) 
(De Bakker et al., 2016). A close correlation in topography was apparent between 
models at each stage. The following are descriptions of some aspects of mesenteric 
morphology at each stage examined. As it is not possible to provide an exhaustive 
description of morphology at any one stage, an Atlas of the Mesentery (supplemental 
results – Atlas of the mesentery) was developed where each model can be visualised.  
The morphology of the abdominal mesentery was characterised from 
Carnegie Stage (CS) 13 onwards (see Atlas of the Mesentery). At this stage, the full 
rostrocaudal length of the posterior margin of the mesentery was continuous with the 
posterior abdominal wall in the midline (Figure 3.3a). The upper region of mesentery 
spanned the developing coelom and was continuous with the anterior abdominal wall 
in the midline (Figure 3.3a). The mid-region of mesentery commenced at the first 
level, at which an anterior connection with the abdominal wall was not apparent. 
Although mid and lower regions of the mesentery were connected to the abdominal 
wall posteriorly, the anterior margin was free of any structural connection with the 
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abdominal wall. The developing liver was apparent anteriorly in the upper region. 
The size of the liver, relative to that of the mesentery, meant it obscured direct 
visualisation of the remaining mesentery. In order to characterise mesenteric 
morphology, the liver was removed from reconstructions and the descriptions that 
follow relate to the remaining mesentery.  
At CS13, the surface of the mesentery was lined by mesothelium. This was 
continuous with that of the posterior abdominal wall at the junction between the two 
structures. A shallow pit was apparent in the upper region where mesothelium of the 
right surface invaginated into the underlying mesentery (Figure 3.3b-k).  
As the morphology of the mesentery at CS15 and 16 were similar, only the 
morphology at CS16 foetus will be described. At CS16, the occurrence of a 
mesenteric fold meant the mesentery could be subdivided into upper (pre-fold), mid-
region (fold) and lower (post-fold) regions (Figure 3.3m-p). This format of 
regionalisation was apparent at all subsequent stages and meant that the topography 
of each region could be compared with that of preceding or successive stages.  
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At CS16 the upper region mesentery had expanded to the left of the midline. 
The invagination of the right surface (seen at CS13) had extended further to the left 
to create a cavity within the upper region. The upper region mesentery narrowed 
distally, then extended anteriorly, as a mesenteric fold. This fold was organised into 
posterior central and anterior peripheral zones. It had proximal and distal ends, where 
the developing endoderm entered and exited the fold respectively. The superior 
mesenteric artery entered the mesentery posteriorly, at the cephalad apex of the 
central zone (Figure 3.3l). It then continued into the peripheral zone, dividing it into 
right and left sides. The proximal end (i.e. the start of the right side of the fold) was 
positioned close the entry of the superior mesenteric artery while the distal end (i.e. 
termination of the left side of the fold) was anatomically closer to the origin of the 
inferior mesenteric artery. The upper surface of the fold was convex upwards and 
corresponded to the left side of the mesentery. The lower surface was concave 
downwards, corresponding to the right side of the mesentery (Figure 3.3r). 
At the distal end of the fold, the mesentery continued distally as the lower 
region. This ended at the cloacal level. The convex upwards surface (i.e. left surface) 
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of the mid-region fold continued distally as the left side of the lower region. The 
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Figure 3. 3 Mesenteric morphology during embryological development. 
(a) Right anterolateral view of 3D reconstructed CS13 mesentery (yellow) and 
primitive gut encased within it. (b) 3D reconstruction of the mesentery at CS13 with 
corresponding histological correlates. (c-f) Photomicrographs of axial histological 
sections corresponding to the locations marked in (b).  (g-h) View of invagination in 
upper region of reconstructed mesentery at CS13 with corresponding histological 
sections. (i-k) Photomicrographs of axial histological sections corresponding to the 
locations marked in (h). (l) Posterior view of CS16 3D reconstructed mesentery 
demonstrating superior and inferior mesenteric artery. Interrupted lines indicate 
levels of histological sections. (m) Anterior view of 3D reconstruction of the 
mesentery at CS16 with corresponding axial histological correlates. (n-p) 
Photomicrographs of histological sections corresponding to the locations marked in 
(m). (q) Anterolateral view of mesenteric fold (indicated by red dotted line). (r) 
Coronally sectioned 3D reconstruction of mesentery at CS19 demonstrating ridge of 




Characterisation of the morphology of the upper region of the mesentery during 
development 
At CS16 the invagination of the right side of the upper region generated a 
cavity with mesenteric boundaries. The inner surface of the cavity corresponded to 
that of the right side, while the outer surface corresponded to that of the left side of 
the upper region. The upper region resembled a bursa, with neck and body zones. 
Right and left sides of the upper region were continuous at the neck, which could be 
subdivided into superior and inferior arches (Figure 3.4). These merged anteriorly. 
The anterior confluence continued to the undersurface of the developing liver. The 
medial limit of the posterior surface corresponded to the posterior margin of the upper 
region.  
The body of the omental bursa was generated by the mesentery of the neck 
region as it fanned out to the left. Anterior and inferior walls expanded leftwards 
from the superior arch, while the anterior, inferior and posterior wall converged on 
the inferior arch. The anterior confluence of the neck also terminated at the inferior 
arch, at the point from which the anterior boundary of the mesentery was no longer 
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connected to the liver (and thereafter to the anterior abdominal wall). The inferior 
arch of the neck region continued distally as the right side of the central zone of the 
mesenteric fold. This corresponded to the anatomical continuity between the upper 
and mid-regions. 
The angle of the superior arch continued to the left as a recess formed at the 
junction between anterior and posterior omental bursal walls (Figure 3.4a-c). The 
course of the recess followed that of the junction between walls and ended at the pole 
of the omental bursa. From there the recess continued infero-medially, then supero-
laterally, at the junction between the anterior and inferior walls (Figure 3.4d-l). All 
walls converged on the inferior arch. As a result, this corresponded to the inferior 
limit of the recess.  
From CS16 onwards, the omental bursa expanded both laterally and 
anteriorly to overlap the ridge and left side of the mid-region fold (Figure 3.5a-g). At 
week 10 the inferior wall of the omental bursa was apposed to the upper and left 
surface of the central zone of the mesenteric fold (Figure 3.5h-j). A space was 
apparent between these apposed surfaces. This was also apparent in the full term 
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foetus (Figure 3.5k-l). The anatomical relationship between the inferior wall of the 
omental bursa and the mesenteric fold meant the inferior wall of the omental bursa 
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Figure 3. 4 3D reconstructions of morphology of omental bursa during development. 
 (a) 3D reconstruction of CS16 mesentery with dotted line indicating parasagittal 
plane of section relevant to images b and c. (b, c) Parasagittally sectioned 3D 
reconstructions of CS16 reconstruction demonstrating aperture of omental bursa in 
blue dotted line, with anterior and posterior confluences of the neck of the omental 
bursa. (d) 3D reconstruction of CS16 embryo demonstrating the cavity of the omental 
bursa (indicated in light blue). (e-h) Photomicrographs of axial histological sections 
corresponding to the locations marked e-h in (d). (i)  Axially sectioned 3D 
reconstruction of CS13 embryo showing omental bursa cavity (empty space) and 
corresponding histological sections (mesentery in yellow, intestine in red). 
Interrupted lines indicate level of axial histological sections. (j) Axially sectioned 3D 
reconstruction of CS23 embryo showing omental bursa cavity (empty space) and 
corresponding histological sections (mesentery in yellow, intestine in red). 
Interrupted lines indicate level of axial histological sections.  (k) Anterior and 
posterior views of reconstruction of 10 week foetal reconstruction. (l) Obliquely 
sectioned 3D reconstruction of 10 week foetus showing lateral recess of omental 
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bursa with corresponding axial histological sections (mesentery in yellow, intestine 
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Figure 3. 5 Apposition of caudal aspect of omental bursa to cephalad aspect of mid-
region fold. 
(a) Left anterolateral view of CS16 reconstruction shows leftward extension of 
omental bursa. (b) Left posterolateral view showing omental bursa. (c-g) Anterior, 
lateral and posterior views of 3D reconstruction of CS23 mesentery. Omental bursa 
extending inferolaterally to overlap (indicated by red dotted line) the transverse 
mesocolon. Photomicrographs of axial histological sections demonstrate contiguity 
between upper and lower regions of mesentery. (h) Left anterolateal view of 3D 
reconstruction of foetus at 10 weeks post fertilisation. Plane formed on apposition of 
omental bursa to transverse mesocolon at 10 weeks post fertilisation. (i, j) 
Photomicrographs of axial histological sections demonstrate histological correlates 
of contiguity between upper and lower regions of mesentery. (k) Posterior view of 
3D reconstruction of full term foetus from cross sections dataset. Plane between 
omental bursa and mesocolon in full term foetus (indicated by red dotted line). (l) 
Photograph of cross-sectional image of axially sectioned cadaver. Red dotted line 





Characterisation of the morphology of the mid-region (i.e. the mesenteric fold) 
during development 
At CS23 the left side of the peripheral zone of the mesenteric fold was 
cephalad on the right side (Figure 3.6). The sides of the central zone were unchanged 
in terms of their position relative to the superior mesenteric artery. This meant that 
as the mesenteric fold extended anteriorly from central to peripheral zones, the sides 
changed position relative to the superior mesenteric artery. At week 10 the transition 
in position from central to peripheral zones was more marked; the right side of the 
central zone continued as the left side of the peripheral zone (Figure 3.7). The right 
side of the peripheral zone returned centrally, crossing the midline to continue as the 
left side of the central zone. The left side of the central zone continued distally as the 
lower region of mesentery. 
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At week 10 a histological boundary was apparent between intestine and 
associated mesentery (Figure 3.8). As intestine and mesentery were contiguous at all 
levels, the periphery of the mesentery could be regionalised (and hence described) 
with reference to the level of intestine with which it was associated. Mid-region 
mesentery thus comprised meso-duodenal, meso-jejunal, meso-ileal and meso-colic 
zones. In addition, the mesenteric fold could be described in terms of the region of 
intestine with which it was associated. The right and left sides of the central zone 
comprised of mesoduodenum and the splenic region of the transverse mesocolon 
respectively. The left side of the peripheral zone comprised of the mesojejunum and 
mesoileum, while the right side of the peripheral zone comprised of the ascending 
mesocolon and the hepatic region of the transverse mesocolon.  
At week 10 the ascending colon and hepatic region of the transverse colon 
were positioned on the right side of the superior mesenteric artery (i.e. at the right 
side of the periphery of the fold). The associated ascending mesocolon and hepatic 
flexural mesocolon were similarly positioned. Mesentery at the hepatic flexure 
crossed the midline to continue as mesentery at the left colic flexure. The ascending 
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mesocolon and hepatic flexural mesentery corresponded to the periphery of the left 
side of the mesenteric fold, while the left colic flexure corresponded to the central 
region. These findings demonstrated the left side of the mesenteric fold changes 
position relative to the superior mesenteric artery as it returns from peripheral to 
central zones (Figure 3.7).  
A similar transition was apparent in the right side of the mesenteric fold. 
Centrally this comprised the mesoduodenum, whilst peripherally it was comprised of 
both mesojejunum and mesoileum. At week 10, the mesoduodenum was located on 
the right side of the central zone of the fold. The mesojejunum and mesoileum were 
positioned on the left side of the artery, at the periphery of the fold. This meant the 
zones of the right side of the mesenteric fold changed position relative to the superior 
mesenteric artery as they extended anteriorly from central to peripheral zones (Figure 
3.7).  
At CS20 and 21 coiling was apparent at the surface of the proximal end of 
the mesenteric fold (i.e. at the right side of the central zone). At CS23 extensive 
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surface coiling was apparent at the surface of the periphery of the right side of the 





Figure 3. 6 Morphology of the mid-region fold of mesentery at different time points 
during embryological development. 
(a-c) Central and peripheral regions of the mesentery at CS13, CS14 and CS17 prior 
to formation of mesenteric fold. (d) Photomicrographs demonstrating histological 
correlates of regions of proximal and central zones. (e) Anterolateral view of CS23 
showing coiling present at the proximal end of the mesenteric fold. (f) Right lateral 
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Figure 3. 7 Morphology of the mid-region mesenteric fold at later stages of 
development. 
 (a-c) 3D reconstruction of CS23 embryo, foetuses at 9 and 10 weeks post 
fertilisation. Right lateral view of mesentery at CS23, 9 weeks and 10 weeks post 
fertilisation. Hernial orifice of physiological intestinal herniation indicated by red 
dotted line. (d) 3D reconstruction of foetus at 10 weeks post fertilisation. 
Conformation of mesentery at 10 weeks post fertilisation. (e) 3D reconstruction of 
foetus at 10 weeks post fertilisation. Coronally sectioned 3D reconstruction showing 
central region of mesentery. (f) 3D reconstruction of foetus at 10 weeks post 
fertilisation. Left lateral view of mesentery showing plane of coronal section in panel 
(e). (g-i) Photomicrographs of axial histological sections demonstrating histological 
correlates of panel (d). (j) Posterolateral view of mesentery at 10 weeks post 
fertilisation. Photomicrographs of axial histological sections demonstrating 















Figure 3. 8 Histological relationship between developing mesentery and intestine. 
 (a) Photomicrograph of axial histological section of mesentery at CS14. No 
boundary identifiable between intestine and mesentery. (b) Photomicrograph of axial 
histological section of mesentery at CS17. Early differention of interface between 
intestine and mesentery. (c) Photomicrograph of axial histological section of 
mesentery at CS23.  (d) Photomicrograph of axial histological section of mesentery 
at 10 weeks post fertilisation. Interface between intestinal wall and mesentery is 
identifiable. Yellow indicates mesenteric mesoderm, blue indicates mesodermal 










Figure 3. 9 Panel of histological images showing development of structures closely 
related to mesentery. 
(a) Photomicrograph of mesentery at 10 weeks post fertilisation. Neurovascular 
bundles present within mesentery. Bundles were traced between adjacent sections to 
confirm structures and then were highlighted in yellow. (b) Photomicrograph of 
mesentery at CS23. Splenic tissue (highlighted in yellow) developing at the lateral 
margin of the omental bursa. Difference in mesenchymal condensation (i.e. darkness) 
was used to identify splenic tissue. (c) Photomicrograph of mesentery at CS23. 
Pancreatic tissue formation (highlighted in yellow) at the floor of the omental bursa. 
Endodermal boundary of pancreatic tissue was used to highlight area. (d) 
Photomicrograph of mesentery at CS23. Liver hepatocytes (highlighted in yellow) 
developing in contiguity with upper region of mesentery. Hepatocytes were identified 





Characterisation of the morphology of the lower region of mesentery during 
development 
At CS13 the lower region of mesentery was located in the midline sagittal 
plane, and extended from the central zone of the mesenteric fold, distally, to the 
cloaca. It could be subdivided into anterior and posterior boundaries, as well as right 
and left sides (Figure 3.3a, b). The anterior boundary was unattached and encased the 
developing endoderm. The posterior boundary corresponded to the junction where 
the lower region merged with the posterior abdominal wall. The lower region was 
lined with surface mesothelium which was continuous with that of the posterior 
abdominal wall, at the junction between both (Figure 3.10). The space between 
surface mesothelia (i.e. within the mesentery) was highly cellular.  
At week 10 the lower region mesentery could be subdivided into different 
levels based on the region of intestine associated. The lower region comprised (from 
proximal to distal) descending mesocolon, mesosigmoid and mesorectum (Figure 
3.7a-c). The descending mesocolon was the distal continuation of the left side of the 
central zone of the mesenteric fold. The left side of the central zone and inferior wall 
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of the upper region had apposed. The left side of the descending mesocolon had 
apposed to the developing posterior abdominal wall (Figure 3.7j). The change in the 
position of the lower region from sagittal to coronal plane is termed lateralisation. 
Mesosigmoid near the midline had apposed, whilst the lateral mesosigmoid was 
unopposed. As a result of lateral apposition of the mesosimgoid, the anterior 
boundary of the lower region was now the lateral boundary. The posterior boundary 
was now the medial boundary. The medial and lateral boundaries of the mesosigmoid 
converged distally as it narrowed to continue as the mesorectum. The mesorectum 
circumferentially encased the rectum. 
 
Characterisation of the morphological appearance of the posterior surface of 
the developing mesentery 
At CS13 the mesentery was connected to the posterior abdominal wall along 
the full length of its rostrocaudal axis. Conventional interpretations of abdominal 
embryology and anatomy suggest this relationship is maintained. Should that be the 
case, an anatomical correlate of this connection would be apparent in the adult human 
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setting. A composite connection (i.e. comprised of multiple tissue types) is not 
apparent in the adult and prompts reappraisal of the development of the connection 
between the mesentery and the abdominal wall (Culligan et al., 2012, 2013).  
At CS13 the mesentery is continuous with the developing posterior 
abdominal wall at the junctional zone (Figure 3.10). The junctional zone refers to an 
area of mesenchymal condensation that demarcates the mesentery along the 
rostrocadual axis. At this level, a mesothelial continuity occured between the 
posterior wall and the right and left sides of the mesentery. Given that the 
mesothelium was reflected from one surface to another (i.e. from mesentery to 
abdominal wall), these areas of mesothelia were termed the left and right reflection. 
Beneath the surface mesothelia the mesentery and body wall merged at a cellular 
level (Figure 3.10). At CS13, the coeliac trunk and superior mesenteric artery entered 
the mesentery posteriorly. They were closely positioned while the inferior mesenteric 
artery entered more inferiorly. These findings indicate that at this time point, the 
mesentery and posterior abdominal wall were directly connected by three 
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mechanisms: surface mesothelia, inter-mesothelial cell populations and at points of 
entry of vascular trunks.  
At CS21, a demarcation of cell populations was apparent between the 
mesentery and body wall (Figure 3.10). Demarcation refers to the presence of a clear-
cut linear boundary between cell populations. Demarcation was apparent at three 
levels: proximal to the entry of the coeliac trunk, between superior and inferior 
mesenteric arterial entry points, and distal to the entry of the inferior mesenteric 
artery (Figure 3.10). It was not apparent at the entry points of the arterial trunks. 
Demarcation did not appear to include mesothelia. Demarcation indicates that at 
CS21, direct cellular connection between mesentery and posterior abdominal wall is 
limited to surface mesothelia and vascular trunks.  
At 10 weeks the left side of the lower region mesentery was partially 
apposed to the posterior abdominal wall (Figure 3.7j). Mesothelia of apposed 
surfaces was retained and areolar connective tissue was apparent between both. The 
left reflection (see above) was positioned lateral to the midline whilst the right 
reflection remained in the midline. The mesosigmoid was partially apposed to the 
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posterior abdominal wall, whilst the descending mesocolon was near fully apposed. 
In going from proximal to distal (i.e. from descending mesocolon to mesosigmoid) 
the mesentery changed from near fully apposed, to partially apposed. The mesentery 
was fully apposed again at the mesorectal level (Figure 3.7j).  
The position of the left reflection (relative to the midline) changed in tandem 
with the extent to which the lower region of mesentery was apposed to the posterior 
wall (Figure 3.7g-j). The left mesocolic level of mesentery was fully apposed. In 
keeping with this, the left reflection at this level was laterally positioned. As the lower 
region mesentery transitioned from mesocolon to mesosigmoid, and from fully to 
partially apposed, the left reflection changed from lateral to medial in position 
(Figure 3.7g-j).  
A similar coupling of the topographical position of the left reflection and 
the lateral extent of mesenteric apposition occurred at the upper region mesentery. 
Apposition of the upper region meant the posterior surface (i.e. left surface) of the 
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Figure 3. 10 Posterior view of 3D reconstructions at CS 19, 20 and 21. Morphology 
of the junctional zone of the mesentery indicated in photomicrographs.  
(Figure extends over 2 pages) 
 (a) Posterior view of 3D reconstructions at CS19 indicating levels of 
photomicrographs of axial histological sections in column beneath it. At CS19 
demarcation is not present. (b) Posterior view of 3D reconstructions at CS20 
indicating levels of photomicrographs of axial histological sections in column 











beneath it. At CS20 demarcation is present in the lower region of mesentery 
(indicated by dotted red line). (c) Posterior view of 3D reconstructions at CS 19 
indicating levels of photomicrographs of axial histological sections in column 
beneath it.  At CS21 demarcation is present along the entire rostrocaudal axis of the 
mesentery bar the hilum region. (d, e) High magnification images demonstrating 
junctional zone (identified by zone of mesenchymal condensation. Raw 
photomicrographs (converted to grayscale) of axial histological sections without 
highlighting of regional anatomy or junctional zone. (f, g) Same images as (d, e) with 
junctional zone indicated by red dotted line. 
  
 
Primary mesenteric organogenesis 
Using the reconstructions generated in the preceding section, knowledge 
driven modelling was applied to generate putative morphological transitions between 
successive stages of mesenteric development. Transitions were then combined in 
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chronological order to depict a program of mesenteric development between CS13 
and week 10 (see supplemental results – Atlas of the mesentery). The number and in 
tandem nature of morphological transitions generated a complex picture. To assist in 
interpretation, they were grouped into events leading to a foundation shape, referred 
to as “primary mesenteric organogenesis”, and events leading to regional but not 
global changes in morphology, referred to as “secondary mesenteric organogenesis”. 
Key events during primary mesenteric organogenesis were depicted in a video 
format, in which events during secondary mesenteric organogenesis were 
conceptually omitted (see supplemental results – Atlas of the mesentery). A detailed 
narrative description of these morphological events is included as supplemental 
material (see supplemental material – Events occurring during primary mesenteric 
organogenesis). 
Following return of the intestino-mesenteric complex back into the 
developing coelom, areas of the mesentery were apposed to the posterior abdominal 
wall. These included the posterior wall of the upper region, mesoduodenum, right 
and descending mesocolon, medial mesosigmoid and mesorectum (Figure 3.7d-j). 
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With apposition, mesenteric and somatic mesothelial surfaces approximated but 
remained separated by an areolar connective tissue layer.  
By 20 weeks, both upper and lower regions of mesentery were apposed to 
the left of the midline. By contrast, the mesenteric fold was apposed to the right of 
the midline. Apposition of the mesenteric fold began centrally and proceeded 
diagonally towards the right iliac fossa (Figure 3.11). It was associated with 
development of a reflection at the anatomical limit of apposition. Left-sided 
apposition of mesothelial surfaces was associated with a change in the position of the 
left reflection. The reflection marked the anatomical limit of apposition. Given this, 
the position of the right reflection remained unchanged whilst that of the left tracked 









Figure 3. 11 Histological images demonstrating variable apposition of lower and mid 
regions of mesentery to posterior abdominal wall. 
 (a) Photomicrograph of axial histological section (22 weeks post fertilisation) at 
level of rectosigmoid junction showing mature development of junctional zone. (b) 
Photomicrograph of axial histological section (22 weeks post fertilisation) at level of 
descending colon showing apposition of medial aspect of lower region of mesentery. 
(c) Photomicrograph of axial histological section (22 weeks post fertilisation) at level 
of left colic flexure showing apposition to posterior abdominal wall extending to 
colon. (d) Photomicrograph of axial histological section (20 weeks post fertilisation)  
showing caudal-most point of apposition of ascending mesocolon to posterior 




Inter-mesenteric apposition occurred centrally between the inferior wall of 
the upper region, and the upper surface of the central zone of the mesenteric fold. 
The right side of the periphery of the mesenteric fold converged centrally as the 
ascending mesocolon, then the hepatic and splenic regions of the transverse 
mesocolon. The posterior surface of the hepatic region of the transverse mesocolon 
adhered to the anterior surface of the right side of the central zone. The inferior wall 
of the upper region omental bursa adhered to the left side of the central zone of the 
mesenteric fold (i.e. to the splenic flexural region of the transverse mesocolon) 
(Figure 3.5h-l). It is feasible this pattern of inter-mesenteric apposition impeded any 
further major conformational change in the mesentery. Given this possibility, the 
shape acquired at completion of inter-mesenteric apposition was termed the 
foundation shape of the mesentery.  
 
Secondary Mesenteric organogenesis 
The findings demonstrated that all digestive organs developed on or in the 
mesentery (Figure 3.9). Digestive organ development was associated with 
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morphological changes in associated regions of mesentery. Although these changes 
occurred within and across regions, they did not alter the overall conformation of the 
mesentery. Given this, they were grouped under the term secondary mesenteric 
organogenesis. 
As all abdominal digestive organs develop on or in the mesentery, it is 
possible to contextualise and thus partially explain their development by 
characterising their anatomical relation with associated mesentery. Topographical 
relationships between individual digestive organs and contiguous mesentery are 
depicted in video format (see supplemental results – Atlas of the mesentery). 
The morphological relationship between developing intestine and 
mesentery was determined (see supplementary video – Atlas of the mesentery). The 
primitive endoderm developed in the mesentery. The mesentery and associated 
intestine were histologically distinct at week 10. The endodermal forerunner of the 
intestine, between duodenal flexure and anorectal junction, developed at the 
periphery of the mesentery with which it was associated. Proximal to the 
duodenojejunal flexure, the duodenum developed in mesentery at the right side of the 
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central zone of the mesenteric fold. The jejunum and ileum developed in the right 
side of the periphery of the fold. At week 10 the right side of the mesenteric fold was 
located centrally to the right and peripherally to the left of the superior mesenteric 
artery. As the intestine developed in the anterior margin of the mesentery, this 
mesenteric conformation explains the anatomical position of the duodenum, jejunum 
and ileum at this stage of development.  
The right and transverse colon developed in the left side of the mesenteric 
fold. At week 10 the left side of the mesenteric fold was located peripherally on the 
right and centrally to the left of the superior mesenteric artery. This explains the 
position of the right and transverse colon at this stage of development. The transition 
from right to left sides occurred between hepatic and splenic zones of the transverse 
mesocolon and was centred on the origin of the middle colic vessel from the superior 
mesenteric artery.  
The morphological relationship between the developing intestine and 
mesentery in the upper region of the mesentery was determined (see supplementary 
video “Mesenteric-based development of abdominal intestine” (Atlas of the 
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mesentery)).  Oesophagogastric and gastroduodenal regions of the stomach 
developed in the superior and inferior poles of the neck of the upper region 
diverticulum (Figure 3.4i-j). The body of the stomach developed in the anterior wall 
of the body of the diverticulum. As the body of the developing stomach expanded, 
mesentery forming the anterior wall of the diverticulum appeared to separate into 
medial and lateral regions. The medial region overlapped with the posterior surface 
of the stomach, bridging the space between this and the postero-inferior surface of 
the liver (Figure 3.9d). The lateral region bridged the space between the greater 
curvature of the stomach and the spleen (Figure 3.9b). 
The relationship between the developing pancreas and its associated 
mesentery was determined (see supplementary video “Mesenteric based 
development of the pancreas” – Atlas of the mesentery) (Figure 3.12). At CS13, the 
ventral and dorsal buds of the pancreas were anterior and posterior to intestinal 
endoderm located in the mesentery at that same level. The mesentery in question was 
immediately distal to the inferior arch of the neck of the upper region and 
corresponded to the right side of the central zone of the fold. At CS15 the inferior 
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arch of the neck of the mesentery was formed by convergence of the walls of the 
upper region omental bursa and the anterior confluence of the neck. At this level, the 
superior mesenteric artery entered the mesentery posteriorly, then coursed antero-
inferiorly in tandem with the mesenteric fold. The ventral bud of the pancreas was 
located in the right side of the central zone of the fold. At this stage, the uncinate 
process was not identified as a distinct region. The neck of the pancreas was located 
in the floor of the inferior arch, cephalad to the point of entry of the superior 
mesenteric artery (Figure 3.12). The body of the pancreas extended from the neck 
laterally, in the posterior wall of the omental bursa, towards the lateral pole of the 
omental bursa.  
At CS14 both ventral and dorsal buds were in a similar position within the 
mesentery. The ventral bud (i.e. developing head of the pancreas) was in the 
mesentery on the right side of the central zone of the fold (Figure 3.12). The dorsal 
bud (i.e. developing neck and body) extended from the floor of the inferior arch of 
the neck into the posterior wall of the upper region. At 10 weeks post fertilisation the 
upper region diverticulum expanded extensively towards the left, overlapping with 
198 
 
the upper and left surface of the central zone of the mesenteric fold (Figure 3.12). 
Each region of the pancreas was positioned as described above. At 10 weeks post 
fertilisation, the uncinate process was contigious with the superior mesenteric artery 
and vein posteriorly. Given the overlap between the omental bursa and the left side 
of the central zone, which contained the superior mesenteric artery and vein, the 
pancreas appeared to arch over both artery and vein.  
The spleen developed within mesentery at the junction of the anterior, 
inferior and posterior walls of the omental bursa (see supplementary video 
“Mesenteric-based development of spleen”) (Figure 3.9b). This corresponded to the 
lateral pole of the omental bursa. As the body of the pancreas developed within 
mesentery in the posterior wall of the omental bursa, the tail of the pancreas ended 








Figure 3. 12 3D reconstruction of mesentery and pancreas at CS14, CS16, CS23 
and 10 weeks post fertilisation. Photomicrographs demonstrating axial histological 
correlates are ordered superior to inferior. 
 (a) 3D reconstruction of mesentery and pancreas at CS14 showing ventral and dorsal 
bud prior to converging. (b) 3D reconstruction of mesentery and pancreas at CS16 
following convergence of buds. Pancreas extending into omental bursa. (c) 3D 
reconstruction of mesentery and pancreas at CS23. Pancreas extending into posterior 
wall of omental bursa. (d) 3D reconstruction of mesentery and pancreas at 10 weeks 
post-fertilisation demonstrating relationship with intramesenteric arterial supply. 
 
Development of mesenteric (i.e. abdominal digestive system) vascularity  
Next, the topographical relationship between developing abdominal 
vasculature and the mesentery was determined (Figure 3.13). Three arterial trunks 
were apparent at CS13. These extended anteriorly, from the anterior surface of the 
aorta into the mesentery. Branching was not apparent at that stage. Three vessels 
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were again apparent at CS15, extending from the anterior surface of the developing 
aorta, anteriorly and directly into the mesentery. The upper and middle vessels were 
relatively close, whilst the distal vessel was at a greater distance along the aorta. 
These three vessels corresponded to the coeliac trunk, superior and inferior 
mesenteric arteries respectively. The superior mesenteric artery entered the central 
zone of the mesenteric fold and continued antero-inferiorly in the ridge of the fold to 
the junction with the omphalo-enteric duct. The developing superior mesenteric vein 
followed a reverse course, also in the ridge of the mesenteric fold. At the apex of the 
central zone it continued as a larger calibre vein towards the developing liver, 
posterior to the neck of the pancreas. At CS16 the organisation of the major trunks 
and veins was similar to that at CS15. In addition, the coeliac trunk tracked leftwards 
in the posterior wall of the body of the upper level diverticulum. The developing 











Figure 3. 13 3D reconstructions of mesenteric vasculature at various timepoints 
(CS16, CS23 and 10 weeks) during development with histological correlates. 
 (a) 3D reconstruction of mesentery at CS16. Right lateral view of mesentery at C16 
showing coeliac trunk, SMA and IMA. (b) 3D reconstruction of mesentery at CS23. 
Posterior view of mesentery at CS23 showing vascular connections. (c) 3D 
reconstruction of mesentery at 10 weeks post fertilisation (right lateral view). 
Composite reconstruction of mesentery and vasculature at ten weeks post conception. 
(d) 3D reconstruction of mesentery at 10 weeks post fertilisation.Vascular tree 
reconstructed separately (e) 3D reconstruction of mesentery at 10 weeks post 
fertilisation.Translucent mesentery and pancreas (green) reconstructed to show 
intramesenteric distribution of mesenteric vasculature. (f-k) Corresponding 
photomicrographs of axial hisotological sections demonstrating location of 






Recent studies have reappraised adult anatomy and present a new anatomical 
endpoint for embryological theories must work toward (Culligan et al., 2014b, 
2014a; Coffey et al., 2016a). The present findings are the first to demonstrate that all 
abdominal digestive organs develop in close spatial association with the mesentery. 
This topographical relationship is captured in the term ‘mesenteric organogenesis’, 
which refers to mesenteric-based development of all abdominal digestive organs, 
including that of the mesentery itself. The morphological changes and final position 
observed correlate with observations in recent anatomical studies (Coffey et al., 
2014; Culligan et al., 2014b, 2014a). The shape of the mesentery at ten weeks post-
fertilisation differed considerably from that observed at the earliest time point 
examined. An overlap in morphology was apparent between successive stages. This 
suggests the mesentery develops according to a set developmental program. During 
this process, a foundation shape was acquired (primary mesenteric organogenesis) 
and undergoes subsequent regional alterations (secondary mesenteric 
organogenesis). Secondary mesenteric organogenesis did not alter the foundation 
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shape. These findings suggest that primary mesenteric organogenesis can be reduced 
to a limited set of morphological transitions.   
Some events in primary and secondary mesenteric organogenesis have been 
described by others. These include omental bursa formation, intestinal coiling and 
midgut rotation around the superior mesenteric artery. Savin et al. studied intestinal 
coiling and how this is underpinned by differential growth between intestine and 
mesentery (Savin et al., 2011; Nerurkar et al., 2017). Secondary coils were obserbed 
and their growth at the surface of the mesentery was further characterised. 
Development of the omental omental bursa has received relatively little attention in 
the literature. The last comprehensive appraisal was performed by 
Kanagasuntheram in 1957 (KANAGASUNTHERAM, 1957). The anatomy of the 
omental omental bursa is gaining attention. Many groups now resect gastric cancers 
with the associated omental bursa (Fang, 2013; Shinohara et al., 2018). The process 
of rotation has been challenged by Soffers et al. in an embryological study examining 
mesenteric morphology (Soffers et al., 2015). Soffers et al. suggested that the classic 
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concept of rotation around the superior mesenteric artery does not occur. The 
reconstructions produced in this study did not identify rotation around the SMA.  
The approach used in this study has its limitations. Firstly, it is not possible 
to out rule to presence of aberrant developmental anatomy. To minimize the risk of 
mistaking aberrant anatomy for normal, all specimens including in this study were 
staged against the Carnegie staging system (O’Rahilly and Müller, 1996). The 
Carnegie staging system uses features including cardiac, intestinal, neural, urogenital 
and musculoskeletal structures to stage an embryo based on its morphology. As it 
relies on multiple systems, embryos with congenital abnormalities are readily 
identified. The shape of structures using same-stage embryos was correlated to 
confirm that the shape was similar. Furthermore, the shape changes observed in the 
time-lapse depiction of mesenteric development followed a sequential course. Any 
abnormal specimens would likely be identified during this process as it would deviate 
from the linear growth observed. Another limitation of this study is the potential for 
interpretative bias when tracing developing structures. To overcome this, and 
minimize error, all tracings were reviewed by other investigators involved in the 
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study. Furthermore, the mesentery and vascular grid were reconstructed separately to 
test alignment and ensure that regions corresponded to their vascular supply.  
Scientific and clinical communities can now systematically investigate the 
mesentery (Coffey, 2013). With clarification of mesenteric embryology, it is now 
possible to collate the findings of many groups under the heading of mesenteric 
organogenesis (Roberts et al., 1994; Byrnes et al., 2019a; Sakhneny et al., 2019; 
Seymour and Serup, 2019; Yang et al., 2019). Understanding mesenteric 
morphogenesis is important as it is likely to uncover significant opportunities related 
to an array of scientific, translational and clinical fields. For example, during 
development, the mesentery contributes cellular and areolar connective tissue 
components to developing digestive system organs (Murray and García-Arrarás, 
2004; Laird et al., 2008). The ability to recapitulate these processes, such as epithelial 
mesenchymal transitioning, could have significant implications for tissue 










Chapter 4:  





An understanding of mesenteric anatomy is relevant to the interpretations of 
abdominal anatomy in general. Interpretations of mesenteric anatomy are 
interdependent with those of peritoneal and fascial anatomy (Blackburn and Stanton, 
2014; Coffey and Dochery, 2018). As a result, any discrepancy in our understanding 
of mesenteric, peritoneal or fascial anatomy results in erroneous interpretations of 
abdominal anatomy in general. Secondly, as anatomy provides the anatomical 
endpoint for developmental theories, inaccuracies in our understanding of mesenteric 
shape result in incorrect interpretations of its development. Lastly, mesenteric 
anatomy underpins our understanding of peritoneal, fascial and developmental 
anatomy. Therefore, clarification of mesenteric anatomy is a prerequisite for any 
comprehensive appraisal of abdominal anatomy. 
Our understanding of mesenteric anatomy has undergone considerable 
changes from its description by Aristotle (Temkin and Straus, 1946; Aristotle. et al., 
2011). Throughout the Renaissance period, artists, including Da Vinci and Eustachi, 
depicted the mesentery as a continuous structure (Ackerman, 1983; Byrnes et al., 
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2018; Coffey, 2014b). Later, in 1858, a description of mesenteric anatomy by Henry 
Gray differed considerably from Renaissance depictions (Halford, 1859). Gray 
defined the mesentery as a double-fold of peritoneum (Coffey and Dochery, 2018). 
However, this interpretation failed to recognise the embryological basis of mesenteric 
anatomy. For example, the left and ascending mesocolon were not recognised in the 
Gray model (Gray, 1858). As a result, the Gray model was fragmented and made up 
of multiple, separate “mesenteries”. Accordingly, the Gray model was 
incomprehensive and complex. The absence of left and ascending mesocolon 
reflected earlier findings of Jean Zuléma Amussat (Bichat et al., 1824; Amussat, 
1839; Erichsen, 1857; Byrnes et al., 2019b). However, despite the complexity of 
Gray’s model, it was widely accepted and subsequently indoctrinated into reference 
anatomical, surgical and embryological textbooks (Quain, 1843; Halford, 1859; 
Sadler, 1988; Stevens, 2006; Nathan and Scobell, 2012). 
Acceptance of Gray’s model persisted until 2012, when the first formal 
characterisation of mesocolic anatomy was performed. This study addressed 
mesenteric anatomy distal to the duodenojejunal flexure (Culligan et al., 2012, 2013). 
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In doing so, it confirmed that continuity extends from duodenojejunal flexure to 
mesorectal level (Coffey et al., 2015b, 2016a). The findings of this study challenged 
the conventional interpretation of mesenteric anatomy (Gray, 1858; Stevens, 2006). 
Since 2012, findings of this study have been replicated and incorporated into 
reference textbooks (Sadler, 1988; Horan, 2009).  
 Despite recent advances in the field of mesenteric anatomy, reappraisal of 
the Gray model remains incomplete. Previous research has concentrated on the 
mesentery associated with the small and large bowel (distal to the duodenojejunal 
flexure) (Culligan et al., 2014b). As such, no study to date has examined the anatomy 
of the mesentery proximal to the flexure (Coffey and O’Leary, 2016b). Specifically, 
no study has characterised the mesentery associated with the stomach and duodenum. 
Therefore, this study aimed to characterise mesenteric anatomy, from 





Ethical approval  
Approval for this study was obtained from research ethics committees at the 
University of Limerick and the National University of Ireland, Galway. National 
legislation (Anatomy Act, Ireland 1832; Anatomy Act, Ireland 1871; Health Order, 
Ireland 1949; and Medical practitioners act, Ireland, 2007) governed the use of 
cadavers bequeathed to the National University of Ireland, Galway. 
 
Selection criteria 
Gastrointestinal diseases frequently disrupt the position and shape of 
abdominal viscera and confound interpretations of anatomical shape. Cadavers were 
therefore evaluated, in conjunction with available medical records, for the presence 
of structural variations within the abdomen. Cadavers with any previously 
documented abdominal disease or apparent structural abnormalities within the 




Dissection techniques applied in cadavers 
Study investigators, comprising specialists in gastrointestinal surgery and 
gross anatomy, completed dissections on six adult human cadavers. A formalin-based 
solution (12L water, 6L glycerin, 6L methanol, 2.4L 37-41% formalin solution and 
2L phenol) embalmed cadavers. Anatomical observations were recorded during 
dissection with photography. A Canon 550D camera (Canon Inc., Tokyo, Japan) with 
video recording function was used for video documentation of dissection sequences.  
To resect and remove the ex vivo mesenteric specimen, a surgical approach 
was used, comprising peritonotomy (incision of the peritoneum), mesofascial 
separation and division of connecting vascular trunks (Figure 4.1). The following 
section provides a detailed description of this process. A comprehensive video atlas 
of dissection is included in supplemental material (see supplemental material – Atlas 





Figure 4. 1 Overview of the surgical approach used. 
(a) Incision of the peritoneum (peritonotomy, free edge of peritoneum indicated by 
blue dotted line), with corresponding schematic below demonstration extent of 
peritonotomy along the entire reflection (b) Mesofascial separation (green), with 
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corresponding fascial distribution separated during process below (c) Division of 
major vascular trunks (red). IVC = inferior vena cava, CT = coeliac trunk, SMA = 
superior mesenteric artery, IMA = inferior mesenteric artery.  
 
 
Correlation with previous studies 
It is difficult to determine the in situ three-dimensional conformation using 
ex vivo specimens alone. To overcome this limitation, 3D reconstructions and prints 
were used to facilitate direct comparison between these and findings from dissections 





Dissection was performed on six cadavers. All cadavers included in this 
study were male. No female cadvaers were included due to availability. Observations 
relating to mesenteric shape were replicated across cadavers. Where appropriate, 
observations were compared with results outlined in Chapter 3. The following 
sections summarize the findings.  
 
Anatomy of the adult human mesentery 
Surgical techniques were used to excise an intact mesentery from adult 
human cadavers (see supplemental material – Atlas of the mesentery; Manual of 
mesenteric dissection All abdominal digestive organs were directly connected to the 
mesentery. Next, regions of inter-mesenteric attachment were separated to expose 
the full mesentery. This enabled characterisation of mesenteric morphology. The 
mesentery was continuous from oesophagogastric to anorectal levels (Figure 4.3). At 
both levels it tapered off sharply (see supplemental material – Atlas of the mesentery; 
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Manual of mesenteric dissection). The ex-vivo adult mesentery was divisible into 
three regions including an upper-region (pre-fold) region, mid (fold) region and 
lower (post-fold) region. Overall mesenteric morphology between the ex vivo adult 
and in situ foetal mesentery at full term was compared. These overlapped in terms of 
overall appearance (Figure 4.2). As dissection of the mesentery could incur 
morphological changes, the morphology of the ex vivo mesentery was compared with 
a reconstruction of the in situ adult mesentery was compared. An overlap in 
appearance was again apparent. The findings support the suggestion that the adult 
human mesentery is continuous and that all abdominal digestive organs are directly 





Figure 4. 2 Correlation of findings from dissections of cadavers with digital 
reconstructions and 3D printed models. 
(a) Photograph of posterior surface of 3D printed model of mesentery at 10 weeks 
post fertilisation. (b) Posterior surface of digitally reconstructed model of mesentery 















mesentery in cadaver. (d) 3D printed model depicting endpoint of primary mesenteric 
organogenesis.  (e) Neck of upper region of mesentery in 3D printed model of 
mesentery (10 weeks post fertilisation). (f) Neck of upper region of digitally 
reconstructed in situ mesentery from cross sectional datasets. (g) Appearance of neck 
of the upper region in cadaver. (h) Close-up view of neck (upper region) in 3D-
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Figure 4. 3 The ex vivo mesentery and mesenteric continuity. 
(a) Photograph of anterior surface of ex vivo mesentery. (b) Photograph of anterior 
surface of 3D model generated from observations made during dissection. (c) 
Photograph of posterior surface of ex vivo mesentery. (d) Photograph of posterior 
surface of 3D model generated from observations made during dissection. (e) 
Photograph of 3D sculpted model. Right antero-lateral view showing upper region of 
mesentery. (f) Photograph of 3D sculpted model. Posterior view showing mesenteric 
hilum. (g) Photograph of 3D sculpted model. Left lateral view showing neck of 
omental bursa (upper region). (h) Photograph of 3D sculpted model with mid- and 
lower regions subtracted from view. Right lateral view showing omental bursa (upper 
region). (i) Photograph of 3D sculpted model with upper and lower regions subtracted 
from view. Right anterolateral view showing mid-region of mesentery. (j) 
Photograph of 3D sculpted model with upper and mid-regions subtracted from view. 
Anterior view showing lower region of mesentery.  (k) Photograph of anterior surface 
of ex vivo mesentery with upper region retracted cephalad. Course of mesentery 
outlined in green and blue dotted line. (l) Photograph of anterior surface of 3D-
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printed model of digitally sculpted mesentery. Trajectory of mesentery outlined in 
green and blue dotted line.  (m) Photograph of anterior surface of ex vivo mesentery 
with lower region twisted to demonstrate continuity between upper (green dotted 
line) and lower (blue line) trajectories.  
 
Regional anatomy of the upper region 
The ex vivo mesentery was soft and pliable. Similarities in colouring meant 
it was difficult to differentiate from associated structures. It is likely these, and other 
challenges, hampered characterisation of the mesentery up to now. To address these 
problems, 3D printed reconstructions were generated via visual inspection of ex vivo 
specimens (Figure 4.3a-d). The models were generated using polylactic acid (PLA) 
and were rigid. The mesentery and intestine were printed in yellow and orange 
respectively. The shape of the mesentery differed markedly within and between 
regions. Given this, it is not possible to depict all aspects of regional morphology in 
2D format. To overcome this limitation, findings were compared with previously 
generated digital models (see supplemental material – Atlas of the mesentery). In the 
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following, key anatomical properties are illustrated using the ex vivo specimen and 
corresponding 3D models (Figure 4. 4a-h).  
The upper region comprised a large mesenteric omental bursa, with neck 
and body zones (Figure 4.4). The neck comprised superior and inferior mesenteric 
arches which merged anteriorly and posteriorly to generate a channel-shaped region 
of mesentery (Figure 4.4j-k). The anterior wall of the mesenteric channel continued 
towards the right to the under surface of the liver, with which it was directly 
connected (Figure 4.4a-c). The anterior wall of the channel mesentery corresponded 
to the ventral mesentery of conventional texts. It did not insert directly into the lesser 
curvature of the stomach. Instead it overlapped with the stomach at the posterior 
surface of the latter (Figure 4.8). It converged on the superior arch at the 
oesophagogastric junction, to contribute the anterior wall of the arch at that level. It 
narrowed towards and merged with the inferior arch, at the gastroduodenal level. The 
inferior limit of the ventral mesenteric extension contained the bile duct, portal vein 
and common hepatic artery. The arches of the neck also merged posteriorly to 
generate a posterior wall (Figure 4.4p-q). A peritoneal reflection was apparent at the 
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medial boundary of the posterior wall, corresponding to the right reflection seen 
during embryological development  
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ring embryological development (see Chapter 3).  
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Figure 4. 4 3D printed models with corresponding photographs of prosections 
showing regional anatomy of the upper region. 
(a) Photograph (anterior view) of 3D-sculpted model of mesentery. Blue circle 
indicates region of interest that is displayed in panel below. (b) Photograph of 3D-
sculpted model of mesentery which is axially sectioned into an upper half. Left lobe 
of liver is retracted laterally. Green highlighted zone indicates anterior wall of 
omental bursa. (c) Corresponding photograph of prosection. Blue arrows indicate 
regions corresponding to 3D-sculpted model. Green highlighted zone indicates 
anterior wall of omental bursa. (d) Photograph (anterior view) of 3D-sculpted model 
of mesentery. Blue circle indicates region of interest that is displayed in panel below 
it. (e) Photograph of 3D-sculpted model of mesentery (left lateral view) with lateral 
region of omental bursa subtracted to facilitate an unimpeded interior view of 
posterior wall of omental bursa. Green highlighted zone indicates posterior wall of 
omental bursa.  (f) Corresponding photograph of prosection where omental bursa is 
incised to access inner cavity. Blue arrows indicate regions corresponding to 3D-
sculpted model. Green highlighted zone indicates posterior wall of omental bursa. 
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(g) Photograph (anterior view) of 3D-sculpted model of mesentery. Blue circle 
indicates region of interest that is displayed in panel below it. (h) Photograph of 3D-
sculpted model of mesentery (left lateral view) with lateral region of omental bursa 
subtracted to facilitate an unimpeded interior view of floor of omental bursa. Green 
highlighted zone indicates floor of omental bursa. (i) Corresponding photograph of 
prosection where omental bursa is incised to access inner cavity. Blue arrows indicate 
regions corresponding to 3D-sculpted model. Green highlighted zone indicates floor 
of omental bursa. (j) Photograph (anterior view) of 3D-sculpted model of mesentery. 
Blue circle indicates region of interest that is displayed in panel below. (k) 
Photograph of 3D-sculpted model of mesentery (right lateral view) showing external 
view of neck of omental bursa. (l) Corresponding photograph of prosection where 
omental bursa is incised to access inner cavity. Blue arrows indicate regions 
corresponding to 3D-sculpted model. Red arrows indicate superior and inferior arch. 
(m) Photograph (anterior view) of 3D-sculpted model of mesentery. Blue circle 
indicates region of interest that is displayed in panel below. (n) Photograph of 3D-
sculpted model of mesentery (right lateral view) showing internal view of neck of 
omental bursa. (o) Corresponding photograph of prosection where omental bursa is 
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incised to access inner cavity. View demonstrates neck of omental bursa from left 
side. Blue arrows indicate regions corresponding to 3D-sculpted model. (p) 
Photograph (posterior view) of 3D-sculpted model of mesentery. Blue circle 
indicates region of interest that is displayed in panel below. (q) Photograph of 3D-
sculpted model of mesentery (posterior view). Green highlighted zone indicates 
posterior wall of omental bursa. (r) Corresponding photograph of prosection where 
omental bursa is incised to access inner cavity. Green highlighted zone indicates 
posterior wall of omental bursa. Blue arrows indicate regions corresponding to 3D-
sculpted model. 
 
The mesenteric channel at the neck extended to the left of the midline as the 
body of the omental bursa, which enclosed a cavity (Figure 4.4j-k). The superior arch 
comprised anterior and posterior walls while the inferior arch comprised anterior, 
inferior and posterior walls. The walls of the superior arch fanned out laterally to the 
left, to enclose the cavity of the upper region omental bursa. They expanded and 
fanned out, then converged centrally as anterior, inferior and posterior walls, to form 
229 
 
the inferior mesenteric arch. The topography of the lumen of the neck and the cavity 
of the body could be explained in mesenteric terms. The inner (concave right) surface 
of the cavity of the omental bursa corresponded to the right side of the mesentery 
while the convex outer surface corresponded to the anatomical left side of the 
mesentery (Figure 4.4m-n). The mesenteric angle at the superior arch of the neck 
continued left as a recess at the junction between posterior and anterior walls of the 
omental bursa (Figure 4.4f). The recess tracked laterally from the superior arch of the 
neck, to the hilum of the spleen (Figure 4.4p-r). From there it continued as the recess 
formed at the junction anterior and inferior walls of the omental bursa. The latter 
curved antero-medially (in tandem with the upper surface of the transverse colon), 
then supero-medially, to end at the inferior mesenteric arch (i.e. where all three walls 
converged).  
It was possible to dissect the inferior wall of the omental bursa from the 
upper surface of mid-region fold (Figure 4.5a, b). The latter comprised central and 
peripheral zones (see below). Separation of the inferior wall of the upper region, from 
the mid-region, exposed the central zone of the fold (Figure 4.5b). Before separation, 
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the inferior wall of the upper region was attached to the upper surface and left side 
of the central zone. This relationship explains why, in the in situ setting, the recess at 
the junction between anterior and inferior omental bursal walls tracks across the 
central zone of the mid-region fold, from right to left (or vice versa). These 
anatomical relations correlate with morphology observed during the program of 
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Figure 4. 5 Anatomy of the central zone of the adult mesentery. 
(a, b) Photographs of prosections with mid-region of mesentery observable. Anterior 
view of central zone of the mesentery following caudad retraction of omental bursa. 
Yellow indicates pancreas. Orange indicates hepatic flexural component of 
transverse colon. Green indicates mid-region of transverse colon. Red indicates 
splenic flexural component of the transverse mesocolon. (c, d) Photographs of 
prosections of mesentery. Infra-mesocolic view of central region with mesocolon and 
omental region retracted caudad. (e) Photograph of 3D-printed models of mesentery 
showing central zone. Left posterolateral lateral view showing mid-region of 
mesentery.  (f) Photograph of 3D-printed models of mesentery showing central zone. 
Right lateral view showing central zone of mid-region of mesentery.  (g) Photograph 
of 3D-printed models of mesentery showing central zone. Left lateral view showing 
central zone of mid-region of mesentery.  (h) Photograph of 3D-printed models of 
mesentery showing central zone. Left lateral view showing central zone and 
peripheral zone of mid-region of mesentery.  (i) Photograph of 3D-printed models of 
mesentery showing central zone. Right lateral view showing central zone and 
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peripheral zone. (j) Photograph of 3D-printed models of mesentery showing central 
zone. Right inferolateral view showing central zone and lower region. 
 
Regional anatomy of the mid region of the mesentery 
The mid-region of the mesentery was fold-shaped and could be divided into 
central and peripheral zones (Figure 4.5a-c). The mesentery of the central zone 
fanned out as mesentery of the peripheral zone (Figure 4.5h-j). As it did so, the sides 
of the mesentery changed position relative to the superior mesenteric artery. The 
mesoduodenum formed the right side of the central zone (i.e. it was located on the 
right side of the superior mesenteric artery). The mesoduodenum continued distally 
as the mesojejunum and meso-ileum (Figure 4.5e, f). These formed part of the 
periphery of the mesenteric fold and were positioned on the left side of the superior 
mesenteric artery.  
The remainder of the periphery of the mesenteric fold comprised ascending 
mesocolon and the hepatic region of the transverse mesocolon (Figure 4.5i, j). Both 
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were positioned on the right side of the superior mesenteric artery. The hepatic region 
of the transverse mesocolon continued as the splenic region. The splenic region was 
located on the left side of the superior mesenteric artery (Figure 4.5e-g). It 
corresponded to the left side of the central zone of the mesenteric fold. This meant 
that the right side of the peripheral zone of the mesenteric fold continued centrally as 
the left side of the central zone (Figure 4.5b). 
Mesentery at the left side of the central zone of the fold continued distally 
as lower region mesentery (Figure 4.5j). These findings meant that the left side of the 
mesenteric fold was the anatomical link between the mid and lower regions of 
mesentery. The right side of the central zone was the anatomical continuity between 
upper and mid-regions. At this level, the inferior arch of the upper region neck 
continued distally as the right side of the central zone of the fold. Given the left side 
of the central zone was the anatomical link between mid and lower regions, and the 
right side linked upper and mid-region, the central zone of the mesenteric fold was 




It is important to note that, if the inferior wall of the upper region omental 
bursa not been detached from the central zone of the mesenteric fold, the above 
relationships would not be apparent (see supplemental material – Atlas of the 
mesentery; Manual of mesenteric dissection). In addition, simply opening into the 
cavity in the upper region omental bursa would also fail to expose these anatomical 
properties. This is because the inner surface of the inferior wall would be in direct 
view, overlying the central zone of the fold.  
 
A secondary fold occurred in the mesentery at the duodenojejunal level 
Both sides of the peripheral zone of the mesenteric fold, converged centrally 
at the junction between central and peripheral zones. A second mesenteric fold 
occurred at this level. At this fold, the mesoduodenum turned sharply from left to 
right to continue as mesojejunum (Figure 4.5g, h). Folding in this manner meant the 
periphery of the mesenteric fold overlapped the right side of the central zone. As a 
result, when the ex vivo mesentery was viewed from front on, the right side of the 
central zone was obscured from direct view by the peripheral zone. In contrast, the 
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left side of the central zone was apparent and corresponded to the splenic flexural 
zone of the transverse mesocolon. The junction between central and peripheral zones 
anatomically coincided with the origin of the middle colic artery from the superior 
mesenteric artery. Whilst both sides of the peripheral zone of the mesentery 
converged on this area, the reverse interpretation could be adopted; i.e. the sides of 
the fold fanned out extensively from the junction, to span the intestine from 
duodenojejunal to left colic flexure.  
 
Attachment of the mid-region fold 
The ascending mesocolon corresponded to the right side of the periphery of 
the mesenteric fold. In situ, it was attached to the posterior abdominal wall. A fascial 
layer occurred between both attached mesocolon and abdominal wall (see 




Regional anatomy of the lower region of mesentery 
The splenic area of the transverse mesocolon corresponded to the left side 
of the central zone of the mid-region fold (Figure 4.6a-c). It continued distally as 
lower region mesentery which could be subdivided into left mesocolic, 
mesosigmoidal and mesorectal levels (Figure 4.6g-m). The inferior mesenteric vein 
formed the medial margin of the descending mesocolon (Figure 4.6l). The medial 
margin corresponded to the posterior boundary of the developing lower region 
mesentery (see above). The inferior mesenteric artery entered the medial margin of 
the mesosigmoid, in the midline. The descending and sigmoid colon were directly 
connected to the lateral boundary of the mesocolon and mesosigmoid respectively 
(Figure 4.6j, k). The lateral margin corresponded to the anterior boundary of the 
lower region mesentery during embryological development. The mesentery 
narrowed at the junction between mesosigmoid and mesorectum, where it continued 
distally as the mesorectum encasing the posterior rectum (Figure 4.6m). The upper 
and mid-region rectum was encased posteriorly in mesentery while the lower region 








Figure 6.  
Splenic flexure (central zone) 
Peripheral zone of mid-region 
Left mesocolon (lower region of mesentery) 
Mesosigmoid (lower region of mesentery) Tapering at mesorectum 
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Figure 4. 6 Anatomy of the lower region of mesentery. 
(a) Photograph of prosection of mesentery (right posterolateral view). Green 
highlighted zone indicates central zone of mid-region of mesentery. (b) Right 
posterolateral view of 3D-printed model (photographed). Green highlighted zone 
indicates central zone of mid-region of mesentery. (c) Close-up of right posterolateral 
view of 3D-printed model (photographed). Green highlighted zone indicates central 
zone of mid-region of mesentery. (d) Photograph of prosection of mesentery (anterior 
view with omental region retracted cephalad). Green highlighted zone indicates 
peripheral zone of mid-region of mesentery. (e) Anterior view of 3D-printed model 
(photographed). Green highlighted zone indicates peripheral zone of mid-region of 
mesentery. (f) Left lateral view of 3D-printed model (photographed). Green 
highlighted zone indicates peripheral zone of mid-region of mesentery. (g) 
Photograph of prosection of mesentery (left posterolateral view). Green highlighted 
zone indicates left mesocolic component of lower region of mesentery. (h) Magnified 
posterior view of 3D-printed model (photographed). Green highlighted zone 
indicates left mesocolic component of lower region of mesentery. (i) Posterior view 
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of 3D-printed model (photographed). Green highlighted zone indicates left mesocolic 
component of lower region of mesentery. (j) Photograph of prosection of mesentery 
(posterior view). Green highlighted zone indicates mesosigmoidal and mesorectal 
component of lower region of mesentery. (k) Posterior view of 3D-printed model 
(photographed). Green highlighted zone indicates mesosigmoidal and mesorectal 
component of lower region of mesentery. (l) Photograph of prosection of mesentery 
(posterior view). Green highlighted zone indicates lower region of mesentery. (m) 
Posterior view of 3D-printed model (photographed). Green highlighted zone 
indicates lower region of mesentery. 
 
Explanation of the appearance of the posterior surface of the ex vivo mesentery 
As this was first occasion on which the human adult mesentery has been 
excised in the manner described (see Manual of Mesenteric Dissection), the 
anatomical basis of the appearance of the ex vivo mesentery was determined, both 
anteriorly and posteriorly. The anterior appearance was explained in the preceding 
section. The anatomical basis of the posterior appearance of the ex vivo mesentery 
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was determined. The elements that made up the posterior aspect of the mesentery, 
included the posterior surface of several regions of the ex vivo mesentery. These were 
the posterior surface of the upper region omental bursa, mesoduodenum, ascending 
mesocolon and descending mesocolon, the medial region of the mesosigmoid and 
mesorectum (see Manual of Mesenteric Dissection for demonstration). Of note, the 
hepatic area of the transverse mesocolon overlapped the anterior surface of the 
mesoduodenum and thus was out of view. The surfaces in view represented the 
surfaces of the ex vivo mesentery that had been attached to the posterior abdominal 
wall, prior to excision of the mesentery. The pattern of apposition of mesenteric 
surfaces observed during embryological development was compared (see Chapter 2 
& Figure 4.2), with the surfaces observed at the posterior aspect of the ex vivo adult 
mesentery. These corresponded, indicating the process of apposition of surfaces 





The positional anatomy of abdominal digestive organs is mesenteric based 
As described above, all abdominal digestive organs were directly connected 
to the mesentery (Figure 4.2). This meant that the mesentery was the primary 
mechanism of anatomical connection between digestive organs, and the remainder 
of the body. It also indicated that the anatomical position of each digestive organ, 
could be described in mesenteric terms. To investigate this, the mesenteric relations 
of the head, neck and body of the pancreas were examined. The head of the pancreas 
was anterior to and contiguous with mesoduodenal mesentery on the right side of the 
central zone of the mesenteric fold (Figure 4.8). The neck of the pancreas was in the 
inferior arch of the neck of the upper region omental bursa, while the body was in the 
posterior wall of the omental bursa (Figure 4.7a). The superior mesenteric artery 
entered the posterior surface of the mesentery at the apex of the mesenteric fold. The 
apex of the central zone was immediately caudad to  
 
the floor of the inferior arch. This meant that at this level, superior 
mesenteric artery (and accompanying vein) were positioned below the neck of the 
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pancreas (Figure 4.7a). As the body of the pancreas was in the posterior wall of the 
omental bursa, the head, neck and body appeared to arch around the major vessels 
(Figure 4.7b). The body of the pancreas ended at the tail, at the splenic hilum. The 
posterior wall of the omental bursa was continuous with the inferior wall, at the 




Figure 4. 7 Photographs of prosections demonstrating relationship between 
mesentery and abdominal digestive system. 
(a) Photograph (anterior view) of prosection of posterior wall demonstrating area of 
apposition of pancreas, contained within the upper and mid-region of mesentery. (b) 
 
 
Figure 7. Photographs of prosections demonstrating relationship between mesentery 
and abdominal digestive system. 
Head of pancreas 
Upper region of mesentery 
Area of apposition (pancreas) 
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Photograph of prosection of mesentery. Posteriorn view of ex vivo specimen showing 
contiguity of liver and spleen with mesentery. (c) Photograph of prosection of 
mesentery. Posterior surface of mesentery showing contiguity of liver and spleen 
with mesentery. Green indicates mesogastrium and blue dotted line indicates the 
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Figure 4. 8 Intra-mesenteric attachments demonstrating using prosections and 3D-
printed models. 
(a) Photograph of 3D-printed model of mesentery (anterior view). Blue circle 
indicates region of interest in (b-d). (b) Photograph of prosection demonstrating 
posterior surface of mesentery. Duodenum and mesoduodenum in view). (c) 
Photograph of posterior view of 3D-printed model showing mesoduodenal region of 
mesentery. (d) Photograph of prosection of mesentery (right posterolateral view). 
Detachment of mesocolon from mesoduodenum of mid-region mesentery. (e) 
Anterior view of 3D-printed model showing omental bursa (lateral zone of omental 
bursa subtracted from view to expose interior of inner cavity of omental bursa. (f) 
Photograph of prosection, anterior view. Detachment of mesocolon from floor of 
omental bursa. (g) Photograph of prosection, anterior view. Floor of omental bursa 
retracted cephalad. (h) Photograph of 3D-printed model of mesentery, anterior view. 
Fully detached mesocolon. (i) Photograph of prosection, anterior view. Detachment 
of mesocolon from floor of omental bursa. (j) Photograph of 3D-printed model 
demonstrating fully detached mesocolon. (k) Photograph of 3D-printed model 
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demonstrating fully detached mesocolon, posterior view. (l) Photograph of 
prosection, left posterolateral view. Mesocolon is fully detached and detached left 
colic flexure in view. 
 
 
The relationship between the abdominal intestine and contiguous mesentery 
were characterised. Both oesophagogastric and gastroduodenal junction were in the 
superior and inferior arches of the neck of the upper region respectively (Figure 4.4a-
c). In between, the stomach was in the anterior wall of the omental bursa. The 
posterior surface of the body of the stomach overlapped the anterior confluence of 
the neck of the omental bursa, while the remainder of the anterior wall of the omental 
bursa (i.e. the greater omentum) was directly attached to the greater curvature of the 
stomach (Figure 4.4a-c). This meant the stomach appeared to be intra-mesenteric in 
anatomical position. At the gastroduodenal junction, the intestine curved around the 
periphery of the inferior arch of the neck of the upper region omental bursa. As it did 
so, it changed from an intra-mesenteric to a peripheral position, at the anterior margin 
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of the mesentery. The remaining intestine was located at the anterior margin of the 
mesentery with exception of the distal rectum (Figure 4.6j-m). The latter was encased 





Recent anatomical studies have prompted appraisal of mesenteric anatomy 
from oesophagogastric to anorectal junctions. Using techniques from colorectal 
surgery, the current study evaluated mesenteric anatomy in its entirety (Coffey and 
Dockery, 2016b). During dissection of cadavers, the entire abdominal digestive 
system was dissected along mesenteric lines. This confirmed several new findings in 
adults. These include the identification of mesenteric continuity from 
oesophagogastric junction to mesorectal level. The mechanism of connection 
between upper, mid- and lower regions of mesentery was also identified. 
Furthermore, direct connection of the abdominal mesentery with all abdominal 
digestive organs in adulthood was confirmed. 
These findings have numerous implications for our understanding of 
abdominal anatomy. Firstly, as the mesentery extends from oesophagogastric 
junction to mesorectal level, all interpretations of the positional anatomy of the 
intestine may be considered in mesenteric terms. As all abdominal digestive organs 
are in contiguity with the mesentery, the positional anatomy of all abdominal 
251 
 
digestive organs anatomy in influenced by the mesentery. In addition, both 
neurovascular supply and lymphatic drainage can now be described in mesenteric 
terms. These findings correlate with those previously outlined in Chapter 3.  
This study has some limitations. Firstly, this modality of investigation cannot 
accurately determine the in situ shape of the mesentery. As the mesentery is disrupted 
when it is excised, the resulting shape of the ex vivo mesenteric domain is not 
representative of its shape prior to detachment and as such any interpretation of 
mesenteric topography should account for this. Secondly, preservation of prosections 
using a formalin-based solution may cause uneven desiccation of tissues. This may 
confound the appearance of the mesentery from that of its in vivo shape 
(Hohenberger, 2012). To counter this limitation, 3D-printed and virtual models of 
the mesentery reconstructed from cross-sectional images were used to determine in 
situ shape and directly compared these with observations made from prosections. A 
comparison of shape between in situ reconstructions and ex vivo specimens 
demonstrated an overlap in appearance. Lastly, caution is required when interpreting 
findings related to highly variable regions of the mesentery. Examples include the 
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mesosigmoid, transverse mesocolon and associated floor of the bursa. Replication of 
this study with a greater number of specimens is required to further characterize this.   
The findings have implications for surgical approaches to abdominal viscera 
in general. For example, a mesenteric-based approach may provide solutions for 
abdominal pathologies typically considered challenging or inoperable. For example, 
a multi-visceral transplantation based upon excision of an intact mesentery could 
potentially overcome the challenges of inoperable malignancies. Furthermore, a 
mesenteric-based approach, which is now standard of care in colorectal cancer, may 
also be applied proximal to the duodenojejunal flexure. Several reports from other 
investigations who have applied mesenteric-based surgery to gastric and oesophageal 
cancers have emerged, demonstrating their safetly. However, such approaches now 
require formal investigation in the setting of randomized controlled trials assess for 
survival benefit (Fang, 2013; Zheng et al., 2013; Hwang et al., 2014; Shinohara et 
al., 2018).  
In conclusion, the adult mesentery is continuous from oesophagogastric to 
anorectal junctions and all abdominal digestive organs are directly connected to it. 
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Mesenteric-based surgical approaches, which are commonly applied in the surgical 
management of diseases of the lower gastrointestinal tract, may be broadly applied 
















Conventional anatomical descriptions related to the mesentery emphasise 
the development of a bilayered mesothelial sheet (the mesentery) which regresses at 
multiple levels but which retains a posterior connection with the abdominal midline 
(Toldt, 1879; Stevens, 2006; Culligan et al., 2014b; Coffey and O’Leary, 2016a). 
The resultant model of abdominal anatomy is complex. Conventional descriptions 
also hold that abdominal organs are organised along peritoneal lines into intra, extra 
or retroperitoneal locations (Moore and Persaud, 1983; Schoenwolf et al., 2009; 
Nathan and Scobell, 2012). This modelling stems from the concept that peritoneal 
derivatives (ligaments, membranes, reflections, mesenteries and folds) provide the 
primary anatomical connection between abdominal digestive organs, and the 
remainder of the abdomen.  
 Findings of the preceding chapters support an alternative, mesenteric based 
model of abdominal organ compartmentalisation. The key findings were that the 
mesentery is continuous and that all abdominal digestive organs are directly 
connected to it. This means the mesentery is the primary mechanism of linkage of 
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abdominal organs in the system of the body. It also means the mesentery and all 
abdominal digestive organs collectively generate an anatomical unit which can be 
called the mesenteric domain of the abdomen. As all genitourinary organs are 
positioned outside this domain, and on the musculoskeletal mainframe of the 
abdomen, it can be argued they collectively generate a non-mesenteric domain. 
According to this modelling, the abdomen comprises two principle domains, the 
mesenteric and non-mesenteric domain.  
The aim of this chapter was to investigate mesenteric-based 
compartmentalisation in the abdomen. This was first done by excising the mesenteric 
domain of a cadaver, then switching domains between cadavers.  If the model held 
then excision of the mesenteric domain from the abdomen of a cadaver should 
radically alter abdominal anatomy, whilst replacement of the mesenteric domain 
should fully restore it. In addition, switching of the mesenteric domain between 
cadavers should fully restore abdominal anatomy in each, albeit with the mesenteric 
domain of an alternate cadaver. The second aim of this chapter was to investigate the 
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mesothelial mechanism by which organisation into mesenteric and non-mesenteric 
domains was maintained.  
Methods 
Ethical approval  
Approval for this study was obtained from research ethics committees at the 
University of Limerick and the National University of Ireland, Galway. National 
legislation (Anatomy Act, Ireland 1832; Anatomy Act, Ireland 1871; Health Order, 
Ireland 1949; and Medical practitioners act, Ireland, 2007) governed the use of 
cadavers bequeathed to the National University of Ireland, Galway. 
Selection criteria 
Gastrointestinal diseases frequently disrupt the position and shape of 
abdominal viscera and confound interpretations of anatomical shape. Cadavers were 
therefore evaluated, in conjunction with available medical records, for the presence 
of structural variations within the abdomen. Cadavers with any previously 
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documented abdominal disease, intraabdominal surgery or apparent structural 
abnormalities within the abdominal cavity were excluded.  
 
Excision of the mesenteric domain and switching of domains between cadavers 
To determine the organisational impact of removal of the mesenteric 
domain from the abdomen, the mesenteric domain was excised intact using the 
techniques outlined in the Manual of Mesenteric Dissection (see Atlas of the 
mesentery: manual of mesenteric dissection). Once the mesenteric domain was 
excised, the remaining abdominal contents, and their relationship to the 
musculoskeletal frame of the abdomen, was determined. This was repeated for a 
second cadaver and mesenteric domains were switched between both cadavers. 
Following this switch, the abdomen of each cadaver was again inspected to assess 




Characterisation of the mesothelial mechanism (i.e. the peritoneal reflection) 
involved in maintaining mesenteric-based model of abdominal 
compartmentalisation 
In order to excise an intact mesenteric domain, the mesothelium (i.e. 
peritoneum) was divided and the mesentery was detached from underlying fascia (see 
Atlas of the mesentery: Manual of Mesenteric dissection). At completion of 
separation of mesentery and fascia, the major vascular trunks were divided, and the 
mesenteric domain was fully disconnected. These activities indicate the anatomical 
means by which mesenteric-based compartmentalisation is maintained can be 
reduced to three mechanisms; (1) central (i.e. vascular), (2) intermediate (i.e. fascial) 
and (3) peripheral (i.e. mesothelial/peritoneal) elements. Whilst the macroscopic 
anatomy of the first two mechanisms has previously been characterised, there is little 
consensus regarding the topographical anatomy of the peritoneal reflection. Given 
this, the topography of the reflection was determined. This was achieved by mapping 
the topography of the divided edges of the reflection both during and after 
disconnection of the mesenteric and non-mesenteric domain (see Manual of 
Mesenteric dissection). Following disconnection and excision of the mesenteric 
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domain, the distribution of the divided edges of the reflection was determined by 
examination of the in-situ (i.e. non-mesenteric) and ex vivo (i.e. mesenteric) edges.  
 
Results  
Effects of excision, replacement and switching of mesenteric domains on the 
organisation of abdominal organs 
Excsion of the mesenteric domain was performed in two cadavers, both of 
which were male. Excision of the mesenteric domain from a cadaver radically altered 
abdominal anatomy (Figure 5.1a, b). Following excision, only the genitourinary 
organs and major vessels remained in-situ. The anatomical landscape apparent, 
closely resembled that observed in classical renaissance depictions of the posterior 
wall of the abdomen (Figure 1.2). Replacement of the mesenteric domain in its native 
abdomen, in a similar orientation to that which it occupied in situ, led to a near-
complete restoration of the positional anatomy of all abdominal digestive organs and 
associated vasculature (Figure 5.1c-f). The liver was positioned in the right upper 
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quadrant and the spleen in the left upper (Figure 5.1a, b) quadrant. The posterior wall 
of the upper region mesentery, and mesoduodenum, re-apposed with corresponding 
regions of the posterior abdominal wall. Similarly, the sigmoid colon, descending 
colon, small intestine and ascending colon and associated regions of mesentery 
acquired a normal topography.  
Replacement of the mesenteric domain led to a re-alignment of the divided 
edges of the peritoneal reflection, at all levels of the latter. Following replacement, 
the surfaces of the mesentery (i.e. mesenteric domain) that were apposed with the 
posterior abdominal wall (i.e. anterior surface of the non-mesenteric domain), re-
apposed with corresponding regions of the posterior abdominal wall (Figure 5.1c-f). 
Switching of the mesenteric domain between two cadavers led to a similar, near 
complete restoration of abdominal anatomy in each, albeit with the mesenteric 
domain (and hence abdominal digestive system) of a different cadaver (see 
supplemental material – Atlas of the mesentery; Manual of mesenteric dissection). 
Following switching of the mesentery there was a close realignment of peritoneal 
cut-edges, re-apposition of mesenteric and abdominal wall surfaces and restoration 
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of the normal positional anatomy of all abdominal organs and associated vasculature 
(Figure 5.2a-c). These findings, coupled with those of preceding chapters, indicate 
the mesenteric model of compartmentalisation of abdominal organs, holds between 











Figure 5. 1 Transposition of mesenteric domains between cadavers. 
(a) Schematic illustration of abdominal digestive organs centered on the mesenteric 
domain. (b) Photograph of prosection demonstrating positional anatomy of in situ 
mesenteric domain. (c-f) Schematic illustration demonstrating excision of the ex vivo 
mesentery. (g) Schematic illustration of transposition of mesenteric domains between 




Figure 5. 2 Schematic illustrations depicting the peritoneum in the mesenteric-based 
model of abdominal compartmentalisation. 
 (a) Conventional peritoneal model of compartmentalisation. According to the 
conventional model, all abdominal digestive organs are individually connected by a 
“network” of peritoneal derivatives (i.e. reflections, folds, ligaments and fossae).  (b) 
Mesenteric model of compartmentalisation. All abdominal digestive organs are 
collectively connected via the mesentery. (c) Regional anatomy of the peritoneal 




Characterisation of the topography of the mesothelial bridge between 
mesenteric and non-mesenteric domains (i.e. the peritoneal reflection) 
Excision of an intact mesenteric domain first required division of the 
mesothelial bridge that spanned the periphery of the mesenteric domain, and the non-
mesenteric domain (i.e. the peritoneal reflection (see atlas of the mesentery: manual 
of mesenteric dissection)). There is little consensus regarding this aspect of 
abdominal anatomy. Lack of consensus is reflected in the interchangeable use of the 
terms such as ligaments, folds, reflections, boundaries, mesenteries and omenta, in 
reference to the reflection. To address this, the distribution of the reflection was 
determined by examining the course of the divided edge of the reflection in-situ (i.e. 
in the non-mesenteric domain) and ex vivo (i.e. in the excised mesenteric domain). 
 
Mesothelial bridge (peritoneal reflection) at the junction between upper region 
mesentery of the mesenteric domain, and the non-mesenteric domain 
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A free edge of mesothelium extended inferolaterally from the 
oesophagogastric junction (in the non-mesenteric domain) across the left upper 
quadrant (Figure 5.3a). It curved around the region where the spleen was positioned, 
prior to excision of the mesenteric domain. At this level it curved infero-medially. It 
corresponded to the in situ (i.e. non-mesenteric domain) edge of the region of the 
reflection that (prior to dissection) bridged mesothelium of the non-mesenteric 
domain (in the left upper quadrant) with surface mesothelium of the mesenteric 
domain in the same region.  
A corresponding divided edge was apparent on the posterior surface of the 
mesenteric domain (Figure 5.3b). This extended from the oesophagogastric junction 
laterally towards the spleen. At that level it curved infero-medially. The mesothelial 
edges were the separated edges of the same region of reflection (divided during 
peritonotomy). This region of reflection (arbitrarily termed the upper left lateral 
reflection) marked the lateral limit of apposition of the upper region of mesentery, to 
the non-mesenteric domain. It corresponded to the reflection marking the lateral limit 
of apposition of the upper region mesentery during embryological development (see 
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Chapter 3). It is possible it corresponds to the “splenophrenic” and “splenorenal 





Figure 5. 3 Free edge of mesothelium (upper region) following peritonotomy in both 
mesenteric and non-mesenteric domain. 
(a) Schematic illustration with green box indicating correlating region of anatomy 
that is magnified. Corresponding photograph of prosection demonstrating the free 
edge of cut peritoneal reflection present of non-mesenteric domain following 
peritonotomy. (b) Photograph of 3D-printed model with green box indicating region 
of anatomy that is magnified. Corresponding photograph of prosection demonstrating 















Figure 5. 4 Distribution of the free edge of peritoneal reflection following division. 
(a) Photograph showing prosection of mesentery with magnified image near 
oesophagogastric junction. Free edge of mesothelium visualised at medial limit of 
apposition. Both anterior (mesenteric) and posterior (non-mesenteric edges are seen. 
(a) Photograph showing prosection of mesentery with magnified image of mid- and 
lower region of mesentery.  Free edge of mesothelium visualised at medial limit of 
mid- and lower regions. Both anterior (mesenteric) and posterior (non-mesenteric 
edges are seen. 
 
Mesothelial bridge (peritoneal reflection) at the junction between mid-region 
mesentery and the non-mesenteric domain 
A free edge of mesothelium (the mesenteric edge) was apparent on the 
medial aspect of the small intestinal region of the mesentery (Figure 5.5a, b).  A 
corresponding (non-mesenteric edge) was apparent extending from the 
duodenojejunal flexure to the ileocaecal level, on the anterior surface of the non-
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mesenteric domain (Figure 5.5c).  Both edges generated the peritoneal reflection that, 
prior to dissection, bridged mesothelium of the posterior abdominal wall (i.e. the non-
mesenteric domain) with mesothelium of the mesentery of the mesenteric fold 
(reference the Manual of mesenteric dissection).  Excision of the mesenteric domain 
enabled characterisation of the trajectory of the divided edges in-situ and in the ex-
vivo specimen. In situ, the non-mesenteric edge curved around the ileocaecal region, 
then tracked laterally towards the liver along the right paracolic gutter (Figure 5.5c). 
There it curved medially at the hepatic flexure to the region where the duodenum and 
mesoduodenum had been positioned in situ (Figure 5.5c).  Examination of the 
mesenteric domain demonstrated the corresponding mesenteric edge followed a 
similar path, around the ileocaecal junction, then proximally along the lateral aspect 
of the ascending colon. At the hepatic flexural region of the mesenteric fold, the 
divided edge tracked medially towards the duodenum and mesoduodenum, crossing 







Figure 5. 5 Free edges of mesothelium seen on right side of abdomen. 
(a) 3D-printed model (anterior view) of mesentery. Green line orientates line of 
dissection seen in panel (b). (b) Photograph of prosection of mesentery following 
peritonotomy at the small intestine mesenteric region. (c) Photograph of prosection 
of non-mesenteric domain. Corresponding free edge of incised peritoneum extends 
from duodenojejunal flexure to ileocaecal level. From the ileocaecal level, it tracks 
laterally towards the liver along the right paracolic gutter (indicated by double red 
line) and from there it curves medially at the hepatic flexure (indicated by triple red 
line). 
 
Given the divided edges generated the reflection prior to its division, it was 
possible to infer the trajectory of the reflection around the mid-region fold of 
mesentery. This region of reflection began at the entry-point of the superior 
mesenteric artery into the mesenteric fold (Figure 5.6). It tracked diagonally across 
the posterior surface of the duodenojejunal flexure to continue towards the ileocaecal 
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junction. There it was draped around the junction and then tracks cephalad along the 
lateral aspect of the ascending colon to the hepatic region of the mesenteric fold 
(Figure 5.6).  At that level it curved medially towards the duodenum and 
mesoduodenum behind which it continues towards the entry point of the superior 
mesenteric artery to the mesenteric fold (Figure 5.6). This reflection marked the 
anatomical limit of apposition of the mesenteric fold of the mesenteric domain, to the 
anterior surface of the non-mesenteric domain. It correlated with a similar 
mesothelial structure at the anatomical limit of apposition between the mid-region 
fold and the posterior abdominal wall in reconstructions of the developing mesentery. 
The region of reflection at the right lateral aspect of the ascending colon is termed 
the right lateral reflection in conventional anatomical descriptions. The region of 
reflection at the base of the small intestinal region of mesentery has been termed 




Figure 5. 6 Distribution of reflection on the right and left side at the level of the mid-
region of mesentery. 
Broken red lines indicate trajectory of the reflection around the mid-region fold of 
mesentery. 
 
Mesothelial bridge (peritoneal reflection) at the junction between lower-region 
mesentery and the non-mesenteric domain 
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A mesothelial edge was apparent at the left lateral side of the non-
mesenteric domain extending from the splenic flexural region distally to the region 
where the junction between the descending and sigmoid colon had been positioned 
prior to dissection (Figure 5.6) (see supplemental material – Atlas of the mesentery; 
Manual of mesenteric dissection). At that level, the mesothelial edge tracked 
medially across the anterior surface of the left iliac fossa of the non-mesenteric 
domain, to the pelvic promontory near the midline. A corresponding mesothelial free 
edge was apparent on examination of the posterior surface of the mesenteric domain 
(see atlas of the mesentery: manual of mesenteric dissection). This edge commenced 
where the lateral reflection of the upper region mesentery curved medially around 
the inferior pole of the spleen (see atlas of the mesentery: manual of mesenteric 
dissection) (Figure 5.3b). From there, it continued distally around the colic 
component of the left colic flexure, then along the lateral border of the descending 
colon, to the junction between the latter and the sigmoid colon. It crossed the lateral 
aspect of the mesosigmoid where it marked the level at which the mesosigmoid 
changed from mobile to apposed (see atlas of the mesentery: manual of mesenteric 
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dissection). At the rectosigmoid junction, it continued distally as the divided edge of 
the left pararectal reflection.  
These mesenteric edges corresponded to the edges that arose after division 
of the reflection at the lateral aspect of the descending colon and mesosigmoid (see 
atlas of the mesentery: manual of mesenteric dissection). Given this, examination of 
the course of the edges enabled determination of the trajectory of the reflection before 
it was divided (see atlas of the mesentery: manual of mesenteric dissection). The 
reflection corresponded (in location) to the left lateral limit of apposition of the 
developing mesentery to the posterior abdominal wall (see above) (Figure 3.10). The 
term left lateral reflection is used in conventional anatomical descriptions for the 
region of reflection at the lateral aspect of the descending colon. A corresponding 
term is not apparent for the region of the reflection at the lateral aspect of the 
mesosigmoid.  The findings demonstrate the reflection is the left lateral limit of 
apposition of the mesosigmoid and left mesocolic levels of the lower region 
mesentery to the anterior surface of the non-mesenteric domain.  
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Two mesothelial edges were also apparent at the medial margin of the 
mesosigmoidal and left mesocolic levels of the lower region mesentery (Figure 5.4b). 
These could be visualised during dissection of the mesenteric domain and represented 
the divided edges of the reflection at the medial margin of the lower region of the 
mesentery.  A mesothelial edge was apparent extending from the origin of the inferior 
mesenteric artery along the anterior surface of the non-mesenteric domain. This 
continued distally to the mesorectal level at which it curved onto the posterior surface 
of the mesenteric domain and then returned proximally to the origin of the inferior 
mesenteric artery. These edges became apparent after division of the reflection at the 
medial aspect of the mesosigmoid during mobilisation of the mesenteric domain (see 
atlas of the mesentery: manual of mesenteric dissection).  
Two mesothelial edges were apparent between the superior and inferior 
mesenteric arteries (Figure 5.4b). A mesothelial edge tracked inferiorly from the level 
of origin of the SMA on the anterior surface of the non-mesenteric domain. At the 
IMA origin, it curved onto the posterior surface of the mesenteric domain and 
continued proximally to the origin of the SMA where it merged with the 
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corresponding edge. Both mesothelial edges became apparent after division of the 
reflection at the medial margin of the descending mesocolon (see atlas of the 
mesentery: manual of mesenteric dissection).  This region of reflection correlated 
with the reflection at the medial margin of the left mesocolic region of the mesentery 
during development of the latter. In the foetus, the reflection represented the medial 
boundary of apposition of the mesentery to the posterior abdominal wall. In the adult, 
the reflection represented the medial boundary of apposition of the left mesocolic and 
mesosigmoidal regions of the mesenteric domain, to the non-mesenteric domain. A 
corresponding term for this region of reflection is not apparent in conventional 





Conventional descriptions of abdominal anatomy indicate organs are 
organised along peritoneal lines and are primarily connected in the system of the 
body by a series of peritoneal derivatives (termed folds, membranes, ligaments, 
mesenteries and omenta). The findings detailed above support an alternative 
(mesenteric-based) model of compartmentalisation. All abdominal digestive organs 
are directly connected to the mesenteric frame and collectively these are the 
mesenteric domain. All genitourinary organs were outside this anatomical domain 
and positioned on the musculoskeletal mainframe of the abdomen. Based on this, it 
can be argued these collectively comprise the non-mesenteric domain.  
In order to separate mesenteric and non-mesenteric domains division of the 
peritoneal reflection was required (see Manual of dissection). This provided access 
to the plane formed between apposed surfaces of both domains. Separation of the 
domains, followed by division of vascular trunks, enabled complete disconnection of 
the domains. This means there are three anatomical mechanisms by which mesenteric 
compartmentalisation is maintained. Centrally, connection is maintained by vascular 
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trunks. Peripherally, connection by the peritoneal reflection. In between, apposition 
of domain surfaces is maintained by the fascia interposed between both. Given the 
anatomy of the vascular trunks and fascia has been relatively well described, this 
chapter focussed on characterisation of the topography of the peritoneal reflection 
associated with each region of the mesentery.   
The peritoneal reflection represented a mesothelial bridge between the 
parietal mesothelium of the mesenteric and non-mesenteric domain. The 
mesothelium of the mesenteric domain correlated with the term “visceral” 
peritoneum in conventional descriptions. The mesothelium of the non-mesenteric 
domain correlated with “parietal” peritoneum of conventional descriptions. Hence, 
the reflection was the mesothelial bridge between parietal and visceral peritoneum. 
When considered in this manner it can be seen the mesenteric model of abdominal 
compartmentalisation explains the peritoneal landscape. The latter is generally 
regarded as extremely complex, as reflected in the multiplicity of terms used to 
describe it. For example, regions of the peritoneal landscape are described as sacs, 
recesses, fossae, pouches and cavities. Moreover, the boundaries of these regions are 
described as ligaments, folds, membranes and reflections. The peritoneal landscape 
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is readily understood when considered in terms of the surface mesothelium of the 
non-mesenteric domain (i.e. parietal peritoneum), the surface mesothelium of the 
mesenteric domain (i.e. visceral mesothelium) and the mesothelial bridge between 
both (i.e. the reflection).  
The mesenteric-based model of abdominal compartmentalization could 
potentially be applied to other abdominal operations. Examples include resection of 
conventionally “inoperable” tumours or multi-visceral transplantation. The model 
outlined in this chapter would provide a roadmap for surgeons approaching such 
operations and enable excision of an intact mesenteric domain and subsequent 
transplantation with a mesenteric domain from a donor. Furthermore, as the 
mesentery extends from oesophagogastric junction to mesorectal level, surgical 
approaches using a mesenteric-based approach could similarly be applied from 
oesophagus to rectum (Fang, 2013; Zheng et al., 2013; Hwang et al., 2014; Shinohara 
et al., 2018). 
Given all abdominal digestive organs are directly connected to the mesentery, 
the positional anatomy of each must be considered in mesenteric terms. To consider 
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the positional anatomy of each organ in isolation of its mesenteric association is to 
consider that organ outside of its correct biological context. Future studies related to 
abdominal digestive organs should be contextualised in mesenteric terms. This is 
greatly facilitated by considering the position of the organ as it relates to the 














The classic model of the mesentery, described by Henry Gray in 1858, 
remained unchallenged until recently (Halford, 1859; Culligan et al., 2012; Coffey 
and O’Leary, 2016a). Recent advances in mesenteric anatomy clarify its shape distal 
to the duodenum (Culligan et al., 2014b; Coffey and Dochery, 2018). The 
implications of this work for surgical, pathological and radiological interpretations 
of the mesentery underpin the primacy of anatomy (Coffey, 2013). Investigation of 
mesocolic anatomy also raised several questions about the overall shape of the 
mesentery. Many aspects of mesenteric anatomy and development have remained 
unclear. These include the shape of the mesentery proximal to the duodenum, its 
anatomical relationship with fascia at this level, the distribution of the peritoneal 
reflection, and more fundamentally, how the overall structure of the mesentery arises 
from its embryological forerunner.  
According to the conventional model of the mesentery, the organisation of 
abdominal contents is complex (Oliphant and Berne, 1982; Dodds et al., 1986). In 
the classic model described by Henry Gray, the mesentery is defined as a double layer 
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of peritoneum (Amussat, 1839, 1842; Erichsen, 1857; Halford, 1859). Accordingly, 
in the conventional model, there are multiple, separate mesenteries and abdominal 
digestive organs attach directly to the posterior abdominal wall. This model cannot 
be accurately reconciled with embryological appraisals of the abdomen (Congdon et 
al., 1942; Rigoard et al., 2009b). For example, previous studies involving dissection 
of the mesentery in cadavers by our group confirmed the presence of left and 
ascending mesocolon in adults. This feature is not accounted for in the peritoneal-
based model (i.e. the Gray model) (Culligan et al., 2012). These observations 
stemmed from the application of modern surgical principles to the dissection of 
anatomical prosections. The adaption of a mesenteric-based approach proximal to the 
duodenojejunal flexure may similarly clarify mesenteric, peritoneal, and abdominal 
visceral anatomy at this level. This study offered the opportunity to collate findings 
above and below duodenal level, and in doing so, produce findings with implications 
for abdominal anatomy in general. Given the above, the work in this thesis 
characterised the embryological development and anatomical form of the abdominal 





Figure 6. 1 Graphical illustration of mesentery in contiguity with abdominal digestive 
organs. 
Illustration demonstrating continuity of the mesentery extending from 
oesophagogastric junction to mesorectal level (through upper, mid-, and lower 
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regions). Contiguity with intestine, liver (transparent), gallbladder and spleen 
(purple) also demonstrated. 
 
Three-dimensional modelling and printing of mesenteric anatomy and 
embryology 
The aim of chapter 2 was to apply three-dimensional and reconstruction 
methodologies in generating reconstructions of the in situ human mesentery. This 
was achieved using cross-sectional datasets from visible human projects and 
digitized collections of serially sectioned embryos.  
Digital sculpting enabled the communication of results related to mesenteric 
anatomy and development. The primary advantage of digital sculpting is that it 
enabled an unimpeded and clarified view to the structure of the upper, mid and lower 
region of mesentery as well as the events occurring during mesenteric development. 
These models obviate the need for communicating findings in two dimensions, and 
as such, it overcomes some limitations of text and video educational modalities. 
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The use of three-dimensional printing provided a proof-of-principle for 
communicating morphological research findings related to the mesentery in a 
physical format. Coupled with digital sculpting, 3D printing is an optimal means of 
communicating findings related to morphology. As 3D printers become more 
accessible and their use more wide-spread, physical mesenteric models can be readily 
communicated to anatomy students and surgical trainees. Furthermore, the use of 
silicone moulds provides a way for anatomy departments to produce large amounts 
of models for individual students at a low cost. Innovation in 3D printing materials 
is likely to yield higher-fidelity materials that more closely represent real tissue. In 
this case, mesenteric models generated as part of this study may be directly translated 
to simulators for open or laparoscopic abdominal surgery. 
 
Developmental anatomy of the mesentery 
Chapter 3 aimed to determine the shape of the mesentery and associated 
structures during development. Another aim of this chapter was to produce a time-
lapse depiction of mesenteric development. Chapter 3 comprised a comprehensive 
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characterisation of human mesenteric development. As part of this characterisation, 
three-dimensional models of the mesentery at consecutive stages of development 
were generated. The human mesentery remains a continuous structure throughout 
development and does not become fragmented as previously suggested (Figure 6.1).  
A time-lapse model demonstrated that the mesentery provides a platform on 
which all abdominal digestive organs develop. The present findings are the first to 
demonstrate that all abdominal digestive organs develop in close spatial association 
with the mesentery. This topographical relationship is captured in the term 
mesenteric organogenesis, which refers to mesenteric-based development of all 
abdominal digestive organs.  
This is the first study to appraise the shape and growth of the mesentery, 
from oesophagogastric junction to mesorectal level, using modern reconstruction 
methodologies. Some of the events of primary and secondary mesenteric 
organogenesis have been described individually by other groups. These include the 
formation of intestinal coils, omental bursa formation and the absence of rotation 
during development (Capdevila et al., 2000; Soffers et al., 2015; Nerurkar et al., 
292 
 
2017; Hikspoors et al., 2019). This findings of this study correlate with previous 
studies and further integrate them into a broader mesenteric-based interpretation of 
abdominal organ development.  
 
Appearance of the mesentery in cadavers 
Chapter 4 aimed to characterise mesenteric anatomy, from 
oesophagogastric junction to mesorectal level. A anatomical study using surgical 
techniques to detach and dissect an intact abdominal mesentery is reported. This 
dissection applied a mesenteric-based approach that is commonly used in oncologic 
surgery rather than a peritoneal-based one that typically features in conventional 
anatomical dissection manuals. When dissecting the mesentery, several key findings 
were documented. Firstly, the mesentery is continuous from oesophagogastric 
junction to mesorectal level. Secondly, all abdominal digestive organs are attached 
to the mesentery, rather than the abdominal wall (Figure 6.2). Excision of the 
mesentery and abdominal digestive system en bloc enabled characterisation of the 
mechanisms of attachment. These are the mechanisms by which the mesentery is held 
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in position and connected to the rest of the body. Furthermore, regional anatomy of 
the adult mesentery correlated with the shape observed at completion of mesenteric 
embryogenesis (as outlined in Chapter 3), meaning that events that occur during 
mesenteric organogenesis, are determinants of adult mesenteric anatomy. 
This study found that the mesentery was continuous and centrally located, 
with abdominal digestive organs positioned in contiguity with it. Continuity of the 
mesentery coupled with contiguity with abdominal digestive organs means that the 
abdominal digestive system is interconnected by the mesenteric frame. Elements of 
arterial supply, the portal venous system and biliary tree are contained within this 
mesenteric frame.  This indicates a close correlation in shape between the ex vivo and 
in situ mesentery. This is important as anatomical studies of the ex vivo mesentery 
can be extrapolated to the in vivo setting. 
In Chapter 4, multiple modalities of investigation were used to characterise 
the adult shape of the mesentery. Findings were reproduced using different 
modalities. However, not only did these findings challenge the Gray model of 
mesenteric anatomy, but they also challenged our understanding of mesenteric 
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development. In effect, these data point to an entirely different anatomical endpoint. 
The anatomical endpoint correlated with that described in Chapter 3. This not only 
simplifies our understanding of mesenteric morphogenesis but would reconciles 
anatomical and embryological approaches to the abdomen.  
These findings also readily integrate with emerging surgical approaches 
involving the mesogastrium and mesoesophagus (Fang, 2013; Zheng et al., 2013; 
Hwang et al., 2014; Shinohara et al., 2018). Clarification of mesenteric anatomy 
proximal to the duodenojejunal flexure now enables standardisation of these surgical 
approaches (Hohenberger et al., 2009; Sehgal and Coffey, 2014a, 2014c; Coffey and 
Dockery, 2016a). In effect, these findings indicate the same anatomical principles of 
lower gastrointestinal tract surgery may be applied to upper gastrointestinal tract 
surgery, thus providing a universal model of abdominal surgical anatomy based on 
the mesentery. 
The anatomical study (Chapter 4) has limitations. Notably, dissection of 
cadavers is not suited to determining in situ shape. Excision of the mesentery disturbs 
overall shape, and therefore, observations related to ex vivo shape are not reliable 
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without correlational studies. Furthermore, preservation techniques may further alter 
the shape of the mesentery (Hohenberger, 2012). However, this limitation was 
previously overcome in the Chapter 3 where in situ shape was investigated using 
cross-sectional datasets.  
Collectively, findings from embryological, foetal, analysis of cadavers and 
cross-sectional images enable us to define the mesentery as the organ that, in the 
embryo, supports development of all abdominal digestive organs, and following 
birth, maintains all abdominal digestive organs in position and in continuity with 





a                                                        b 
c                                                          d 
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Figure 6. 2 Three-dimensional sculpture of abdominal digestive system centred on 
mesenteric frame. 
(a) Anterior view of graphical render of mesentery in contiguity with abdominal 
digestive organs. (b) Anterior view of graphical render of mesenteric frame with 
abdominal digestive organs removed from view. (c) Posterior view graphical render 
of abdominal digestive organs cantered on mesenteric with vascular branches from 
aorta. (d) Posterior view of graphical render showing mesentery with organs and 
aorta removed from view.  
 
The mesenteric-based model of abdominal compartmentalisation 
The aim of Chapter 5 was to investigate mesenteric-based 
compartmentalisation in the abdomen. This was first done by excising the mesenteric 
domain of a cadaver, then switching domains between cadavers.  The second aim of 
this chapter was to investigate the mesothelial mechanism by which organisation into 
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mesenteric and non-mesenteric domains was maintained. This was done by 
examining mesothelium prior to and following excision of the mesenteric domain. 
The findings of Chapter 5 confirm the abdomen is organised along 
mesenteric lines, into two principal compartments: the mesenteric and non-
mesenteric domain. This system of organisation is otherwise referred to as the 
mesenteric model of abdominal anatomy. Mesenteric continuity and direct 
connectivity with all abdominal digestive organs, provide the anatomical foundation 
for a mesenteric-based model of abdominal anatomy.  This model explains the 
embryological development of each abdominal digestive organ.  It explains the 
positional anatomy of all abdominal digestive organs in the adult, and that of the 
vasculature associated with each. The mesenteric-based model explains several 
aspects of abdominal anatomy that were previously poorly understood. These include 
the positional anatomy of the pancreas, and that of the pre-hepatic portal venous 
system, the anatomical course taken by the human intestine, and the basis for 
continuity between upper and lower regions of the mesentery.  
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The mesenteric-based model explains how abdominal organs are organised. 
Abdominal organ organisation is conventionally described in peritoneal terms. 
According to that convention, organs are maintained in position by a network of 
peritoneal derivatives.  The peritoneal model (as described by Henry Gray) had 
several limitations not least of which was the lack of an embryological explanation. 
The findings of this study reconcile embryological and anatomical observations and 
demonstrate that all abdominal organs are distributed between two major domains, 
the mesenteric and non-mesenteric domain. This organisation is maintained through 
a limited set of well-defined anatomical mechanisms, the disruption of which forms 
the technical basis of abdominal surgery.  Mesenteric-based compartmentalisation in 
turn explains several additional aspects of abdominal anatomy.  For example, it 
explains the peritoneal landscape.  The latter can now be interpreted as comprising 
the mesothelial lining of the non-mesenteric domain (i.e. the parietal peritoneum), 
the mesothelial surface of the mesenteric domain (i.e. the visceral peritoneum) and 
the junction between both (the reflection).  Mesenteric-based modelling in this 
manner explains the sacs, recesses, fossae, cavities and pouches that collectively 
generate the conventional interpretation of the peritoneal landscape.  Mesenteric 
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based modelling also explains the boundaries of the peritoneal landscape.  These 
boundaries (previously termed membrane, folds and ligaments) are different regions 
of the peritoneal reflection.  
 
Implications 
The findings reported in this thesis identifies a new level of organisation of 
abdominal contents that reconcile embryologic, anatomical and surgical approaches 
to the abdomen for the first time.  The model was identified following clarification 
of the growth and form of the human mesentery. The findings have broad 
implications. Firstly, the classic model of mesenteric anatomy, which is complex and 
fragmented, can be replaced with a simpler mesenteric-based model in which 
digestive organs are organised around a single mesentery that attaches to the posterior 
abdominal wall. Unlike the classic model, the current model explains the peritoneal 
landscape and is supported by a corresponding model of embryological development.   
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The anatomy of all abdominal digestive viscera requires reappraisal in the 
context of mesenteric continuity and contiguity.  As the mesentery intersects each 
digestive organ, any signal (or entity) that passes from organ to body (or vice-versa) 
must traverse the intersection between both. In keeping with this, the physiological 
concept of the gut-brain axis may be reappraised as the gut-mesentery-brain axis.  
The relationship between the developing mesentery and digestive viscera has 
implications for bioengineering of digestive organs, a process that is likely to benefit 
from recapitulation of mesenteric signals.   
Clarification of mesenteric shape also permits translation of observations in 
diagnostic and therapeutic contexts. Division of the abdomen into mesenteric and 
non-mesenteric based compartments enables the radiologist to build a high fidelity 
composite model of the abdomen.  Several abdominal conditions that currently lack 
a pathobiological basis can now be reappraised in terms of involvement of the 
mesentery or abnormalities affecting how the mesentery is attached to the posterior 
abdominal wall.   
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A comparative study across a range of species may identify mesenteric 
continuity and direct connection with abdominal digestive organs. As outlined in 
previous studies, including those by Tyson, mesenteric continiuity is likely maintained 
across species (Tyson, 1751). However, the pattern of attachment and attachment across 
species is unclear. Whether the mesenteric model of abdominal anatomy holds between 
human cadavers and across a range of animal species remains unanswered by this study.  
The findings have broad surgical implications presenting putative surgical 
solutions for conditions considered challenging or inoperable. Examples include 
desmoid tumours, large pancreatic masess, pseudomyxoma peritonei and 
mesothelioma. The ability to resect the digestive system based on mesenteric 
anatomy, without disruption of individual organs, provides a roadmap for ex vivo 
treatment of challenging conditions as well as multi-visceral transplant. For example, 
a strictly mesenteric based multi-visceral transplantation could potentially overcome 
the challenges of inoperable malignancies such as locally advanced pancreatic 
cancer.  Importantly, as mesenteric mechanisms of attachment were identified from 
oesophagus to rectum, mesenteric-based approaches may be further investigated 
proximal to the duodenojejunal flexure. Several reports from other investigators 
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confirm the feasibility of using mesenteric approaches to the duodenum, stomach and 




Future studies are required to address the histological nature of the 
continuity between the mesentery and digestive system organs.  As the mesentery 
connects all organs to the remainder of the body, it is feasible that all signals that pass 
to and from the mesenteric domain transmit through this zone of connection.  This 
histological zone is remarkably understudied to date (Walsh et al., 2017). Other 
mechanisms of connection (i.e. neurological, lymphatic and interstitial) will likely be 
identified with further examination of the anatomical relationship between 
mesenteric and non-mesenteric domains (Walsh et al., 2017).  These are of 
considerable anatomical and physiological importance as they are the anatomical 
connection between the mesentery (and abdominal digestive system) and the body.  
Additional studies should aim to confirm the anatomy of the mesentery across species 
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(as well as developmentally) as this could provide important information on species 
evolution in general.  It will be important to determine the relative importance of 
abnormalities of developmental events such as attachment.  Emerging data suggest a 
putative link between abnormalities of mesenteric attachment and diseases for which 
a mechanical correlate is not apparent using current investigatory modalities 
(Wentzell and Ryan, 2018).  Finally, it is important to determine the utility of 
mesenteric-based techniques in multi-visceral transplant as these could potentially 
address inoperable abdominal diseases (Todo et al., 1995; Tzakis et al., 2005; 
Olausson et al., 2007; Bathla and Langnas, 2015; Calvin Coffey et al., 2017). 
 
Conclusions 
The findings of this thesis identify a new level of abdominal organisation, 
reconciling embryologic, anatomical and surgical approaches to the abdomen for the 
first time. Multiple modalities of investigation determined mesenteric shape and 
growth, identifying several previously unreported findings. Anatomical, 
embryological, foetal and cross-sectional appraisal of mesenteric morphology 
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confirmed that the abdominal mesentery is continuous and centrally located, with all 
abdominal digestive organs positioned in contiguity with it. Continuity of the 
mesentery coupled with contiguity of the abdominal digestive system means that the 
abdominal digestive system is interconnected by a mesenteric frame. As the abdomen 
is organised along mesenteric lines, it may be further subdivided into two principal 
compartments: the mesenteric and non-mesenteric domain. This system of 
organisation is otherwise referred to as the mesenteric model of abdominal anatomy. 
The peritoneal-based model of abdominal anatomy, which is complex and comprised 
of multiple, separate parts, can be replaced with the simplified, mesenteric model. 
Moreover, the peritoneal landscape and embryological approaches to mesenteric 
anatomy can be readily integrated into anatomical appraisals. These findings enable 
us to define the mesentery as the organ that, in the embryo, supports development of 
all abdominal digestive organs, and following birth, maintains all abdominal 
digestive organs in position and in continuity with other systems. This definition 
provides the anatomical basis for scientific and clinical communities to further 
systematically investigate the mesentery.  In summary, the mesenteric organ is an 
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essential element in the form and function of the human biology.  Further study of 
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3D-reconstructed visible human project dataset: 
 
 
Videos of reconstructions of dissections: 
 





3D-reconstructed visible human project dataset (video): 
 
Time-lapse reconstruction of mesenteric development from CS13 to 10 weeks post 
fertilisation: 
 





Video of events occurring during primary mesenteric organogenesis: 
 
Mesenteric-based development of spleen (video): 
 





Mesenteric-based development of pancreas (video): 
 
Video showing morphology of omental bursa at CS23: 
 






Video of time-lapse reconstruction demonstrating omental bursa development: 
 




Supplemental Material: Chapter 2 
Acquisition of U.S. visible human project datasets  
The U.S. visible human project dataset was generated in 1998 by the 
University of Colorado and represented the first effort to produce a comprehensive 
atlas of adult cross-sectional anatomy. A detailed study protocol has previously been 
published; however, it was important to appraise the suitability of each dataset for an 
appraisal of mesenteric anatomy. Furthermore, as different protocols were used 
across projects, it is useful to highlight these differences before further analysis.  
The history and physical condition of cadavers were evaluated before the 
embedding process. As the male subject had considerably more visceral adipose 
tissue and fascia could be identified more easily, the male dataset was selected over 
the female for reconstruction. The male subject was 38-years-old at the time of death 
and had undergone an appendectomy at age 21 and left orchiectomy at age 15. The 
screening process also evaluated for the presence of structural abnormalities within 
the abdomen.   
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The male and female specimens were contained in a plywood box during the 
fixation process. After initial preservation with dry ice, each cadaver was transferred 
to a -70°C room. The cryomacrotome used in the U.S. project was a milling device 
with automated controls to ensure accuracy across cuts. Before sectioning, each 
cadaver was preserved in a liquid medium (3% gelatin solution). Unlike other 
projects, the milling process required removal the cadaver from the -70°C freezer and 
preservation with blocks of dry ice during the milling process.  
The datasets consist of transverse cryosection images spanning the entire 
body. The visible male dataset included sections at one-millimetre intervals while the 
visible female included intervals at a third of a millimetre. The axial anatomical 
images were 2048 x 1216 pixels and defined by 24 bits of color.  
There was 6 occurrences of misalignment throughout these datasets which 
required correction prior to reconstruction. Correction was performed prior to 
segmentation (i.e. highlighting areas of regional anatomy) by manually aligned 
sections to adjacent cross-sectional images.  
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A subset of images was selected for further analysis. This was performed 
using anatomical landmarks which could be consistently identified throughout 
datasets and across different project. The most cephalad image was selected as top of 
the diaphragm while the most caudal image corresponded with the perineal skin.   
A leaf CCD camera using a filter wheel was used to capture digital red, green 
and blue images under polarized strobe lighting. The leaf camera back was attached 
to a Hasselblad 553 ELX body and a Carl Zeiss Distagon f4 50mm lens. A 
noteworthy point is that the photography equipment used in the U.S project was 
lower resolution than the equipment used in the Chinese and Korean projects. As 
such, the overall quality of images obtained in the U.S. project was lower than that 
of the Korean and Chinese projects.  
 
Acquisition of Chinese visible human project datasets  
The first Chinese visible human dataset was produced in 2002 and offered 
several advantages over original datasets produced by the U.S. visible human project 
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datasets. The most noteworthy advance of Chinese visible human project was the 
construction of a low temperature laboratory. This always enabled the milling 
process to be performing under low temperatures (-25°C). This enabled preservation 
of small structures, such as vessels, and prevented their disruption during the milling 
process.  
A unique property of the Chinese visible human datasets was the use of 
vascular perfusion prior to embedding. This process greatly facilitated vessel 
identification. A 20% gelatin solution colored with red or blue food dye was used to 
inject the femoral arteries. Approximately 1000mls to 1500mls were used in all 
cadavers to expand intravascular volume. Fiducial rods were placed into the 
surrounding gelatin and subsequently used as a marker for alignment of images.  
Serial-sections were photographed using a high resolution camera (Canon 
550D, rebel t3i, Ōta, Tokyo, Japan). The serial sections were taken at standardized 
intervals, which ranged from 0.25mm to 0.5mm. The represents a smaller interval 




Acquisition of Korean visible human project datasets  
The Korean Visible human project was the final visible human project to 
complete and ended in 2005. Two cadavers, one male and one female, were included 
in the project. Several technological advancements were made since the completion 
of the U.S. and Chinese projects. As such, the Korean datasets have several properties 
that offer advantages over other projects datasets. For example, datasets were milled 
at small intervals (0.1mm intervals). This enabled the highest precision of all projects.  
Overall, the Korean project used a similar approach to the Chinese project. 
An immobilisation agent (Mev-Green) was used to fix the cadavers position. 
Following this, an embedding agent (gelatin dyed with methylene blue) was used to 
embed each cadaver in a container prior to freezing. Similar to the Chinese project, 
alignment rods were inserted into the container to ensure that images could later be 
aligned in their true position. The cryomacrotome was placed parallel to the 




Supplemental material: Chapter 3 
Narrative description of events occurring during primary mesenteric 
organogenesis 
At formation, the mesentery was comprised of two mesothelial layers which 
were continuous, in the posterior midline, with surface of the wall of the coelom. By 
CS13 the space between mesothelia had become densely packed with cells and a 
cellular continuity was also apparent at the posterior midline. The mesentery at CS13 
was divisible into upper, mid and lower regions and each could be described in terms 
of anterior and posterior boundaries, right and left sides. Several morphological 
changes quickly occurred to generate the CS15 mesentery. This could be subdivided 
into an upper region (pre-fold), mesenteric fold (mid-region) and lower region (post-
fold). The upper region mesentery extended from the midline to the left and contained 
a walled off cavity. The cavity arose due to a left-ward indentation of the surface of 
the right side of the mesentery. The upper region narrowed distally, then extended 
anteriorly as a fold. The fold was organised into a posterior central and an anterior 
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peripheral zone. It housed the primary intestinal hairpin loop, which entered at the 
proximal end of the fold, on the right side of the central zone (Figure 3.6d). The loop 
tracked around the perimeter of the fold, returned centrally, then exited into the lower 
region mesentery (Figure 3.6e, f). The latter extended distally in the sagittal plane, to 
the cloaca.  
The coeliac trunk entered the upper region mesentery posteriorly, then 
quickly divided into vessels whose distribution aligned with mesenteric morphology 
(Figure 3.12a-e). Just caudal the coeliac trunk, the superior mesenteric artery entered 
mid-region mesentery at the apex in the central zone. It continued antero-inferiorly 
towards the periphery of the fold, subdividing the latter into right and left sides. The 
inferior mesenteric artery entered the lower region mesentery at its posterior 
boundary, then divided into left colic and superior anorectal arteries (Figure 3.13b). 
These aligned with anatomy of lower region mesentery along their course to the 
descending mesocolon and mesorectum respectively.  
After CS23, the upper region of mesentery had expanded left and antero-
inferiorly as a diverticulum. With continued expansion it overlapped the apex and 
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left side of the central zone of the mesenteric fold (Figure 3.5c-g). The central zone 
remained unaltered in terms of the position of its component sides (i.e. left and right 
sides) relative to the superior mesenteric artery. The peripheral zone of the mesenteric 
fold fanned out to span the length of the developing small intestine from 
duodenojejunal to ileocaecal level. The peripheral zone then converged as the right 
and transverse mesocolon as it returned centrally to continue as the left side of the 
central zone.  
During return of the intestine-mesenteric complex back to the developing 
coelom, the right and left sides of the periphery of the mesenteric zone opened around 
a central spine corresponding to the superior mesenteric artery. At completion of this 
event, the right side of the central zone continued anteriorly as the left side of the 
peripheral zone. The right side of the peripheral zone returned centrally and crossed 
the midline to form the left side of the central zone. The latter continued distally as 
the lower region of mesentery. 
Between CS19 and 21 the main cellular body of the mesentery became 
demarcated and disconnected from the posterior abdominal wall except at loci of 
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arterial inflow and venous drainage. At the left and right reflection, the mesothelial 
surface of the mesentery merged with that of the posterior abdominal wall. As a 
result, the main body of the mesentery disconnected from the posterior abdominal 





Supplemental Figure 3. 1 Photomicrographs of histological sections showing 
developing stomach and mesogastrium from consecutive-stage embryos. 
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An endodermal boundary which divides the mesogastrium into ventral and dorsal 
regions is not observed from CS13 to CS21. (a) CS13 (b) CS14 (c) CS15 (d) CS16 






Supplemental Figure 3. 2 Digital photographs of 3D models with boolean subtraction 
applied to demonstrate intramesenteric features. 
(a) Digital photographs of 3D model of CS13 embryo with pancreas in view (b) 
Digital photographs of 3D model of CS14 embryo. Anterolateral view of primary 
mesentery coil with midgut intestine in view. (c) Digital photographs of 3D model of 
upper region of intestine at 10 weeks post fertilisation demonstrating omental bursa. 
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(d) Digital photographs of 3D model of CS23 embryo showing relationship between 
intestinal coils and mesentery.  
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Software used Function of software  
Adobe Lightroom (version 8.1, 
Adobe®, San Jose, California, United 
States) 
Image processing (histogram 
adjustment, including adjustments in 
brightness, contrast and sharpness) 
ImageJ2 (TrakEM2 plugin, Fiji package 
distribution, v1.50e, U. S. National 
Institutes of Health, Bethesda, USA)  
Three-dimensional reconstruction from 
histological sections. 
ZBrush (version 3.5 R3; Pixologic, 
California, USA) 
Modelling and digital sculpting of three-
dimensional models generated by 
TrakEM2 plugin  
Cinema4D (version 10.0, Maxon 
Computer GmbH, Germany) 
Dynamic modelling and rendering of 
models 





Institution Materials  
Department of Surgery, University of 
Limerick, Ireland 
Lead Institution. 
Department of Anatomy, University of 
Limerick, Ireland 
Internal collaborator  
Department of Anatomy, National University 
of Ireland, Galway, Ireland. 
Prosections 
Department of Anatomy and Embryology, 
Maastricht University, Netherlands. 
Embryological and foetal cross-
sectional datasets. 
Academic Medical Center, University of 
Amsterdam, Netherlands. 
Foetal cross-sectional datasets. 
Department of Embryology, Leiden 
University, Netherlands. 
Foetal cross-sectional datasets. 
Department of Anatomy and Embryology, 
Universitat Autònoma de Barcelona, 
Barcelona  
Embryological and foetal cross-
sectional datasets. 
Center for Human Simulation, University of 
Colorado, Denver, USA. 




Digital Medicine Department, Biomedical 
Engineering College, Third Military Medical 
University, City of Chongqing, Republic of 
China. 
Adult whole cadaver cross-
sectional datasets. 
Korea Institute of Science and Technology 
Information, Daejeon, Republic of Korea 
Adult whole cadaver cross-
sectional datasets. 
Supplemental Table 3.  2 Overview of institutions contributing digitized datasets of 




Supplemental material: Chapter 4 
Opening the abdomen  
Using a scalpel, a vertical incision was made from xiphoid sternum to pubis 
symphysis (see supplemental material – Atlas of the mesentery; Manual of 
mesenteric dissection - opening the abdomen). Sharp dissection was performed to 
extend this incision deeper, allowing Scarpa’s fascia to be directly visualized. 
Following this, transverse incisions were made at the top and bottom ends of the 
initial incision. These incisions enabled the dissector to open back the underlying 
wall and access underlying abdominal contents. Following this, both sides of the 
abdominal wall were unhinged as far as possible, enabling access to the entire 
abdominal cavity. After exposing abdominal contents, the greater omentum was 
visualised and rotated upwards, thereby exposing the small intestine and associated 
region of mesentery. After division of the sternum in the midline, the lateral thoracic 
wall was divided laterally. This raised a flap of lateral thoracic wall that was later 
returned when closing the thoracic cavity. Once abdominal contents were adequately 




Left-sided mobilisation of the mesentery  
To disconnect and remove the mesentery for further evaluation, it was 
necessary to first detach and disconnect the mesentery in its entirety. This process 
comprised left-sided mobilisation to the midline followed by right-sided mobilisation 
to the midline. Left-sided mobilisation of the mesentery required detachment of the 
mesosigmoid, descending mesocolon and the upper region of mesentery. This 
process was completed in a caudad-cephalad manner. The following paragraphs 
describe the process of left-sided detachment (see supplemental material – Atlas of 
the mesentery; Manual of mesenteric dissection – lateral mobilisation of the 
mesosigmoid and descending mesocolon).  
Detachment of an intact mesentery required identification of the zone, or 
plane, between mesentery and fascia. Firstly, the left paracolic peritoneal reflection 
was incised (termed peritonotomy). To identify the plane, the mesentery was lifted 
away from the fascia thereby placing the interface between mesentery and fascia 
under stretch. A combination of sharp and blunt dissection separated mesentery from 
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fascia. Sharp dissection was performed using a scalpel whereas blunt dissection used 
fingers or blunt-ended instruments. Separation in this manner is termed mesofascial 
separation. Mesofascial separation facilitated the intact detachment of regions of 
mesentery.  
Mobilisation of the descending mesocolon and mesosigmoid required a 
combination of lateral and medial dissection. Mobilisation of the mesentery began 
with medial retraction of the mesosigmoid. Congenital adhesions were identified (as 
separate from the peritoneal reflection) and sharply divided using a scalpel. Division 
of adhesions (adhesiolysis) exposed the reflection. After incision of the reflection 
(termed peritonotomy), the undersurface of the mesosigmoid was apparent. The 
mesosigmoid was detached but remained intact at all levels. The descending 
mesocolon, which was continuous with the mesosigmoid, was detached in a similar 
manner from the underlying fascia. With continued mesofascial separation, the 
undersurface of the mesosigmoid and descending mesocolon became apparent. 
Once lateral mobilisation was complete, medial mobilisation was performed 
(see supplemental material – Atlas of the mesentery; Manual of mesenteric dissection 
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– medial mobilisation of the mesosigmoid and descending mesocolon). A region of 
peritoneal reflection, occurring at the medial extremity of the mesosigmoid and 
descending mesocolon, was identified. Following this, the reflection was divided. 
This process began distally at the medial margin of the mesosigmoid in the midline. 
The division was continued proximally, at the medial margin of the mesocolon. The 
reflection at the medial margin of the mesocolon, the medial mesocolic reflection, 
was identified and divided using both sharp and blunt dissection. This process 
completed detachment of the lower region of mesocolon.  
Once the sigmoid and descending mesocolon were detached in their entirety, 
it was then possible to bluntly dissect under the “dorsal mesogastrium” (see 
supplemental material – Atlas of the mesentery; Manual of mesenteric dissection). 
This is a zone of upper region mesentery (see below) that was attached to the 
posterior abdominal wall of the left upper quadrant. This was achieved by first 
extending the incision of the peritoneal reflection. Next, the dissector separated the 
upper region of mesentery from the underlying fascia using a combination of sharp 
and blunt dissection. This detached the upper region of mesentery enough to permit 
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the dissector to place a hand beneath then blindly detach the remaining attached 
region of the upper region of mesentery from underlying fascia. The dissection was 
extended proximally to the level of the oesophagogastric junction. Next, the spleen 
was retracted away from the posterior abdominal wall. This placed the reflection at 
the lateral border of the spleen under stretch, enabling its visualisation. Following its 
identification, this region of the peritoneal reflection was sharply divided, enabling 
medial mobilisation of the spleen and the contiguous region of the upper region of 
mesentery. Division of the reflection was extended cephalad to the oesophagogastric 
junction, further detaching the spleen and continuous mesentery. The upper region 
of mesentery and spleen were then retracted to the right by the assistant as the 
dissector, standing to the left, separated the upper region of mesentery as far medially 
to the midline as possible (see supplemental material – Atlas of the mesentery; 




Right-sided mobilisation of the mesentery 
Right-sided mobilisation of the lower mesentery required detachment of the 
small intestinal mesentery, ascending mesocolon and mesoduodenum (see 
supplemental material – Atlas of the mesentery; Manual of mesenteric dissection). 
This process began with retraction of loops of jejunoileum toward the right side of 
the abdomen, thus exposing the base of the small intestinal region of mesentery. 
Following this, the ileocaecal junction was retracted to the right side, exposing the 
small intestinal region of mesentery. At this level, peritoneum was reflected onto the 
small intestinal region of mesentery (termed the small intestinal region of reflection). 
The reflection was sharply divided, beginning at the duodenojejunal flexure and 
continuing diagonally toward the ileocaecal junction. This exposed the region where 
the small intestinal mesentery continues as the ascending mesocolon. The 
undersurface of both the small intestinal mesentery and ascending mesocolon and 
associated regions of underlying fascia were then apparent. Mesofascial separation 
was performed to further detach the ascending mesocolon from the posterior 
abdominal wall. This exposed the underlying fascia which remained intact and on the 
posterior abdominal wall. Mesofascial separation was performed to the limit of the 
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hepatic flexure. Following this, the right lateral reflection was incised as part of 
mesenteric detachment, thereby fully detaching the ascending mesocolon (see 
supplemental material – Atlas of the mesentery; Manual of mesenteric dissection – 
mobilisation of the ascending mesocolon). 
After right mesocolic mobilisation was complete, the mesoduodenum and 
associated region of pancreas were mobilized (see supplemental material – Atlas of 
the mesentery; Manual of mesenteric dissection - mobilisation of the 
mesoduodenum). The mesenteric component of the flexure converges on the second 
part of the duodenum and pancreas. The underlying mesofascial interface was placed 
under continuous stretch, thereby exaggerating the interface between duodenum and 
underlying fascia. Mesofascial separation in this manner enabled complete 
detachment of the mesoduodenum. The above steps resulted in complete detachment 
of the mesentery distal to the duodenojejunal flexure. 
Following this, the hepatocolic region of the reflection was divided. To 
achieve this, the mesentery was retracted to the left side of the abdomen. This 
manoeuvre placed the reflection under stretch, allowing the dissector to incise it. This 
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provided greater access to the previously mobilized mesoduodenum. The duodenum 
was retracted to the left side of the abdomen, thereby exaggerating the interface 
between pancreas and the posterior wall. Using the scalpel, the dissector sharply 
divided the mesoduodenum to mobilize it as far medially as possible.  
 
Liver mobilisation 
Mobilisation of the liver required division of regions of mesentery and 
reflection (see supplemental material – Atlas of the mesentery; Manual of mesenteric 
dissection). The falciform ligament (a region of mesentery) was divided up to its 
posterior limit. At that point, the coronary ligament (region of the reflection) was 
encountered and divided using sharp dissection. Division of the left coronary 
reflection (or ligament) mobilized the left lobe of the liver. The right lobe of the liver 
was partially mobilized by firstly retracting the liver medially. Following its 
identification, the right coronary reflection (or ligament) was identified and sharply 
divided. Then the dissector separated the posterior surface of the liver from the 
underlying fascia. This process helped detach the right lobe of the liver toward the 
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midline. The right lobe of the liver was separated from underling fascia as far 
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